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ABSTRACT 
Passive cooling techniques, specifically passive downdraft cooling (PDC), have proven to 
be a solution that can address issues associated with air conditioning (AC). Globally, over 100 
buildings have integrated PDC in its different forms, most of which use direct evaporative cooling. 
Even though all surveyed buildings were energy efficient and cost-effective and most surveyed 
buildings were thermally comfortable, application of PDC remains limited. This study aims to 
advance performance of the single stage passive downdraft evaporative cooling tower (PDECT), 
and expand its applicability beyond the hot dry conditions where it is typically used, by designing 
and testing a multi-stage passive and hybrid downdraft cooling tower (PHDCT). Experimental 
evaluation on half-scale prototypes of these towers was conducted in Tempe, Arizona, during the 
hot dry and hot humid days of Summer, 2017. Ambient air dry-bulb temperatures ranged between 
73.0°F with 82.9 percent coincident relative humidity, and 123.4°F with 7.8 percent coincident 
relative humidity. Cooling systems in both towers were operated simultaneously to evaluate 
performance under identical conditions.  
Results indicated that the hybrid tower outperformed the single stage tower under all 
ambient conditions and that towers site water consumption was at least 2 times lower than source 
water required by electric powered AC. Under hot dry conditions, the single stage tower produced 
average temperature drops of 35°F (5°F higher than what was reported in the literature), average 
air velocities of 200 fpm, and average cooling capacities of 4 tons. Furthermore, the hybrid tower 
produced average temperature drops of 45°F (50°F in certain operation modes), average air 
velocities of 160 fpm, and average cooling capacities exceeding 4 tons. Under hot humid 
conditions, temperature drops from the single stage tower were limited to the ambient air wet-bulb 
temperatures whereas drops continued beyond the wet-bulb in the hybrid tower, resulting in 60 
percent decline in the former’s cooling capacity while maintaining the capacity of the latter. The 
outcomes from this study will act as an incentive for designers to consider incorporating PDC into 
their designs as a viable replacement/supplement to AC; thus, reducing the impact of the built 
environment on the natural environment.  
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1. INTRODUCTION 
This chapter builds a case for revisiting passive downdraft cooling to advance its 
performance and establish it as a viable solution to integrate when designing new buildings or 
renovating existing buildings. It provides an overview of the impact the built environment in 
general and cooling the built environment is specific has had and will continue to have on the 
natural environment. It outlines the methodology used to conduct this study and defines the key 
terms specific to this area of research. The chapter ends with a description of the structure used 
in this dissertation.  
 
1.1 Overview 
There is no doubt that the development of air conditioning (AC) systems for the built 
environment which operate on refrigeration units has been revolutionary in many ways, from 
assisting in curing patients in hospitals and increasing productivity in factories, to creating 
comfortable thermal conditions in malls and theatres even during the hot summer days of the 
year. AC gives users control over their thermal environments and allows them to mechanically 
reproduce the best aspects of the outdoor weather indoors (Cooper, 1998; Robbins, 2003). But to 
understand the value of passive cooling, it was important to become familiar with the share of 
energy and electricity consumed, as well as the environmental impacts imposed by the building 
sector1 in general and AC systems in specific. This sector, along with human activities, are a 
major contributor to the current unprecedented rise in global surface temperatures where 16 of 
the 17 warmest years between 1880 and 2016 have occurred since 2001 (NASA, 2016; U.S. 
Environmental Protection Agency, 2016). 
The U.S. buildings sector accounted for 41 percent of the nation’s primary energy 
consumption in 2010 and is projected to increase to 42 percent by 2035. Space cooling was the 
second highest end-use energy consumer after space heating in 2010, accounting for 15 percent 
                                                     
1 The U.S. Department of Energy defines the building sector as a combination of the residential and commercial 
sectors. This sector is larger if we consider Ed Mazria’s definition of an architecture sector stated in his 2003 
article “It’s the Architecture, Stupid” which combines the residential and commercial sectors with that part of the 
industrial sector containing industrial buildings and building materials. 
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of primary energy, and is predicted to be the third highest end-use in 2035 at 12 percent. The 
U.S. buildings sector also accounted for 74 percent of the nation’s total electric energy 
consumption in 2010 and is projected to increase to 77 percent by 2035. Space cooling was the 
sector’s highest end-use electric consumer in 2010, accounting for 20 percent of primary 
electricity, and is predicted to be the second highest end-use in 2035 at 15 percent. Space 
cooling energy and electric consumption will remain significant in the future and its slight drop can 
be attributed to the rapid growth in equipment consumption not directly related to space 
conditioning2 (U.S. Department of Energy, 2011a). 
The amount of water required to produce the electricity consumed by space cooling is 
significant and often unaccounted for when selecting cooling devices as their site water 
consumption is usually what is evaluated, which is one of the reasons why direct expansion 
systems used in electric powered AC are often favored over evaporative cooling systems. The 
U.S. national weighted total of evaporated water per kWh of electricity consumed at the end-use, 
is 2.00 gal/kWh. In the Western Interconnect, the main power provider for Arizona, a weighted 
total of 4.42 gallons of water are evaporated per kWh of electricity consumed at the end-use 
which is more than double the national average. This regional variation is dependent on the 
percentage of electricity generated by thermoelectric and hydroelectric power plants (P. A. 
Torcellini, Long, & Judkoff, 2004). Several studies have shown that calculating water 
consumption on site and at source could lead to selecting cooling systems initially perceived as 
high water consumers, even in the hot dry regions where water resources are limited (Bryan, 
2004; Chatterjee & Lenart, 2007). 
The U.S. buildings sector produced 40 percent of the nation’s total carbon dioxide 
emissions in 2010, which is approximately equal to the carbon dioxide emissions of Russia and 
Canada combined, and is projected to increase to 41 percent by 2035. Space cooling was the 
second highest end-use carbon dioxide emitter after space heating in 2010, accounting for 15 
percent of total emissions, and is predicted to be the third highest end-use in 2035 at 12 percent. 
                                                     
2 This is referring to the end-use labelled as “other” in the U.S. DOE 2011 Buildings Energy Data Book with its 
primary energy and electricity consumption growing to be the highest among all end-uses in 2035. see tables 
1.1.4 and 1.1.7 in the Data Book. 
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Space cooling carbon dioxide emissions will remain significant in the future and its slight drop can 
be attributed once again to the rapid growth in equipment consumption not directly related to 
space conditioning3 (U.S. Department of Energy, 2011b).  
Globally, the buildings sector delivered energy consumption is projected to increase by 
37 percent and its delivered electric consumption is projected to increase by 53 percent between 
2010 and 2040. In the non-Organization for Economic Cooperation and Development (non-
OECD) nations such as India and China, delivered energy consumption in buildings is expected 
to grow at nearly three times the growth rate of the OECD nations (U.S. Energy Information 
Administration, 2016). Additionally, building sector carbon dioxide emissions at the global level is 
predicted to rise 20 percent between now and 2035 (U.S. Department of Energy, 2011a). 
As recently as 1993, only 68 percent of all occupied U.S. housing units had AC. Results 
from the 2009 Residential Energy Consumption Survey (RECS) showed that the percentage of 
U.S. households equipped with AC increased to 87 percent, a growth that occurred among all 
housing types and in every census region (U.S. Energy Information Administration, 2011). This 
20 percent increase can be attributed to adding central AC in most new homes and the decline in 
their price, which has helped home owners add them to existing housing stock. Another factor 
contributing to this increase is that most growth in population and housing stock has been in the 
warmer climates of the South and West where AC is more widely used (McNary & Berry, 2012). 
As an example, more than 90 percent of Arizona’s households use AC, and 86 percent of homes 
have central AC for cooling (U.S. Energy Information Administration, 2009).  
AC equipment energy efficiency has improved over the past years which has contributed 
to its wider spread as well. Between 1993 and 2005, AC’s seasonal energy efficiency ratio 
(SEER) increased by 28 percent, but U.S. household energy consumption for AC approximately 
doubled (Cox, 2010). The United States has long consumed more energy each year for AC than 
all other nations combined and more electricity for cooling than what the entire continent of Africa 
consumes for all purposes (Cox, 2012a). 
                                                     
3 This is referring to the end-use labelled as “other” in the U.S. DOE 2011 Buildings Energy Data Book with its 
total carbon dioxide emissions growing from 9 percent in 2010 to 22 percent in 2035 to be the highest among all 
end-uses. see tables 1.4.2 and 1.4.5 in the Data Book. 
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There is a significant rise in demand for cooling in developing countries which are home 
to 38 out of 50 of the world’s largest metropolitan areas, and most of them are in warm and hot 
climates. All but two of the top 30 metropolitan areas in terms of cooling degree days (CDD) are 
in developing countries4 (Sivak, 2009). These countries also have a rapidly expanding middle 
class that can now afford amenities, such as the air conditioner, that citizens in the developed 
world have long taken for granted (Dahl, 2013). China is expected to surpass the U.S. as the 
world’s biggest user of electricity for AC by 2020. As a comparison, the number of U.S. homes 
equipped with AC rose from 64 to 100 million between 1993 and 2009, whereas 50 million AC 
units were sold in China in 2010 alone (Cox, 2012b). Room air conditioner purchases in India are 
growing at 20 percent per year, half of which are purchased by the residential building sector 
(McNeil & Letschert, 2007). Future predictions indicate that growth rate in global AC energy 
demand will continue to increase and be 40 times larger in 2100 than it was in 2000 (Isaac & van 
Vuuren, 2009).  
AC is one of the main causes of environmental problems associated with ozone depletion 
and global warming, due to the environmental properties of refrigerants that are used as working 
medium in AC systems (Santamouris, 2007; Santamouris & Kolokotsa, 2013). AC in America is 
responsible for a quantity of carbon dioxide equivalent to what would be produced if every 
household in the U.S. bought an additional vehicle and drove it 7,000 miles per year on average 
(Cox, 2010).  Globally, cooling constituted just 5 percent of the total space conditioning emissions 
in 2000 and is predicted to be responsible for 70 percent of the emissions from heating and 
cooling by 2100, mainly due to climate change (Isaac & van Vuuren, 2009). 
AC is considered the main reason behind the rise in peak electric demand and is already 
responsible for over half of the peak demand in many regions in Japan, Australia, and the U.S. 
(Santamouris, 2007). AC has been challenging the power grid’s ability to keep the lights on in 
California during peak hours (McNeil & Letschert, 2007). A quarter of the energy consumed in 
Arizona homes is for AC, which is more than four times the national average and during peak 
                                                     
4 The cooling degree days (CDD) of the top 30 metropolitan areas included in Sivak’s study range between 
3954 in Madras, India and 1129 in Shanghai, China. Phoenix, Arizona is not included among the cities in this 
study as it is not one of the top 50 metropolitan cities in terms of population. 
 5 
 
hours, this percentage is much higher (U.S. Energy Information Administration, 2009). India 
witnessed a shortfall of 17 gigawatts during the summer of 2012, with residential electricity shut 
off for 16 hours per day in some areas (Cox, 2012b). In the city of Mumbai, air conditioners alone 
consume 40 percent of the city’s daily electricity consumption (Tembhekar, 2009). China is falling 
short by 30 to 40 gigawatts, which is resulting in energy rationing and factory closings (Cox, 
2012b). Saudi Arabia’s demand for its own oil and gas is expected to double in a decade due to 
negligible cost of fuel offered to consumers, which is encouraging wasteful consumption and 
leading to the rise in the burning of heavy fuel oil and crude oil to generate electricity when gas 
cannot meet the surge in demand for cooling during the summer months (Lahn & Stevens, 2011). 
 
1.2 Research Significance 
There is a need for alternatives to AC systems and passive cooling techniques are one of 
the most energy efficient, environmentally friendly, and cost-effective solutions that can address 
the issues associated with AC. Passive cooling has received considerable attention recently and 
its development is reaching a phase of maturity on systems that utilize the different heat sinks, 
namely the ambient air, the water, the ground, and the sky (Santamouris, 2007; Santamouris & 
Kolokotsa, 2013). Using water as a heat sink through the process of direct evaporative cooling is 
one of the oldest means of passive cooling, with applications dating back to ancient Egypt around 
2500 B.C. (Watt & Brown, 1997). It eventually spread eastwards to the Arabian Peninsula, Iran, 
and North India, and westwards to North Africa, and Southern Spain with the Moors (Ford, 
Schiano-Phan, & Francis, 2010).  
The appearance of this cooling process integrated with building elements, specifically 
wind towers, is dated back to 900 A.D. when wetted surfaces, such as pools and fountains, were 
placed at the tower outlet to further cool the air that has been partially cooled through sensible 
heat exchange with tower thick walls made of brick or stone (Mehdi N. Bahadori, 1978). Wind 
towers did not witness any notable change to its operation pattern until Cunningham and 
Thompson proposed to shift the direct evaporative cooling equipment to the upper portion of the 
tower so that cooler more humid air, now created at the top portion of the tower, would drop 
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downwards by gravity; hence, the name passive downdraft evaporative cooling tower (PDECT). 
Passive downdraft cooling (PDC) in its different forms has been integrated to over 100 buildings 
worldwide, most of which use direct evaporative cooling. Even though all surveyed buildings were 
energy efficient and cost-effective and most surveyed buildings were thermally comfortable, it 
was expected that a cooling process as old as direct evaporative cooling in general, and PDC in 
specific, would be applied more widely (Ford et al., 2010).  
The lack of existing examples globally and specifically in the United States, can be 
attributed to three main reasons. The first is the perception that PDC consumes more water on 
site when compared to water consumed by electric powered AC, since the former typically utilizes 
direct evaporative cooling as its main cooling mechanism, which makes it challenging to consider, 
especially in hot dry regions where water supplies are limited. However, when accounting for the 
total water consumed to provide cooling, both on site and that used to produce electricity at the 
power plant, PDC could be a competitive solution (Bryan, 2004). The second is the notion that 
PDC is incapable of maintaining desired human thermal comfort levels for the entire cooling 
period, making it more convenient to solely rely on AC. performance of PDECT was 
demonstrated by building a full-scale prototype attached to the 1000 ft2 test house that was part 
of the University of Arizona Environmental Research Laboratory’s Passive Solar Village, and the 
data collected over a two-day long test between August 22 and 23, 1985, was promising, where 
significant temperature drops, up to 30°F, were witnessed (Givoni, 1994). Following this study, 
most of the research and applications related to PDC was performed abroad, and mainly for more 
mild climates. The third is that examples were rarely found in the literature that advanced PDC by 
introducing other stages of cooling with direct evaporative cooling to reach outlet conditions 
similar to what is usually achieved by AC systems. One example includes the cooling system in 
the atrium space at the Malta Stock Exchange, which used misting nozzles to meet 25 percent of 
the atrium cooling loads and the remainder was supplied by chilled water pipes, each operate 
separately based on cooling needs. The savings for the atrium space alone represented over 60 
percent of the predicted energy consumption if large fan coil units were used (Ford, 2002). 
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This study aims to advance performance of PDC, specifically the single stage passive 
downdraft evaporative cooling tower (PDECT), and expand its applicability beyond the hot dry 
conditions where it is typically used, by designing and testing a multi-stage passive and hybrid 
downdraft cooling tower (PHDCT). It attempts to understand the difference in performance 
between the two through experimental evaluation conducted on half-scale prototypes of these 
towers when their cooling systems operate simultaneously under identical conditions. It is 
predicted that the hybrid tower will record higher levels of performance under hot dry and hot 
humid conditions. It is also predicted that both, the passive and hybrid systems, will use less 
amounts of water when compared to the amount of water required by electric powered AC to 
supply the same amount of cooling achieved by the towers. If these predictions are observed, 
then this study will act as an incentive for designers to consider incorporating PDC into their 
designs as a viable replacement/supplement to AC; thus, reducing the impact of the built 
environment on the natural environment. 
 
1.3 Research Hypotheses and Questions 
This study assumes that when a second stage of sensible cooling is added to a single 
stage passive downdraft evaporative cooling tower, performance will advance under hot dry 
conditions, and applicability will expand to the hot humid conditions. Prior to setting up the 
experiment used to test these assumptions, the following research questions required answering: 
1. What is considered a typical design for the single stage PDECT?  
2. What are the possibilities of creating a PHDCT by incorporating a second stage of 
sensible cooling to the single stage PDECT? 
3. How can performance of PDECT and PHDCT be evaluated simultaneously under 
identical ambient conditions? 
To understand the difference in performance between a single stage tower and a two-
stage hybrid tower, the following research questions required answering: 
1. How will performance of PDECT and PHDCT compare to each other under hot dry 
conditions when evaporative cooling is the only system operating in both towers? 
 8 
 
H1: The PDECT will record higher levels of performance under hot dry conditions.  
2. How will operating the second stage of sensible cooling concurrently with evaporative 
cooling affect performance of PHDCT, and how will the hybrid tower compare to the 
single stage tower under hot dry conditions? 
H2: The second stage of sensible cooling will advance performance of PHDCT and 
result in levels of performance higher than those observed in the PDECT. 
3. How will performance of PDECT change under hot humid conditions when compared 
to its own performance under hot dry conditions?  
H3: PDECT performance will decrease in comparison with its own performance under 
hot dry conditions. Outlet temperatures will not drop below ambient air wet-bulb 
temperatures as cooled air approaches full saturation.  
4. How will performance of PHDCT change under hot humid conditions when compared 
to its own performance under hot dry conditions with no evaporative cooling 
operating? 
H4: PHDCT performance will increase in comparison with its own performance under 
hot dry conditions. Temperatures at tower outlet will continue to drop beyond ambient 
air wet-bulb temperature without adding moisture to the air. 
5. How will performance of PDECT and PHDCT compare to each other under hot humid 
conditions with no evaporative cooling operating in the hybrid tower?  
H5: The PHDCT will record higher levels of performance under hot humid conditions. 
6. How will total water consumption of the proposed systems compare to water 
consumed by electric powered AC that achieves same amount of cooling achieved 
by the towers? 
H6: Water consumption by PHDCT and PDECT will be less than water consumed by 
electric powered AC to provide the same amount of cooling provided by the towers. 
7. How will adding forced ventilation affect performance in PDECT and PHDCT? 
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H7: Adding forced ventilation will equally increase air velocity at towers outlets 
causing an equal impact on performance in both towers. Comparative analysis 
between the two designs will remain unchanged. 
 
1.4 Research Scope 
This study uses a tower enclosure to host the cooling mechanisms and a misting nozzle 
system for direct evaporative cooling. Towers provide a unique opportunity to be added onto an 
existing space in addition to being incorporated into a newly built space. Several examples exist 
where passive downdraft cooling has been hosted in building elements other than a tower such 
as atriums, but most of the built projects and studies related to passive downdraft cooling 
(approximately 85 percent) used a tower as a host. No existing atrium space was available that 
would be suitable to test these two systems simultaneously. Furthermore, constructing a tower 
structure was a better fit for this project’s construction budget and timeline.  
Examples of PDECT that use types of direct evaporative cooling systems other than 
misting nozzles were found in the literature, such as wetted pads and shower heads. Studies 
have concluded that misting systems are considered the most efficient and cost-effective direct 
evaporative cooling systems for passive downdraft cooling, considered that operational issues 
such as nozzles clogging are overcome with constant maintenance. For this study, a misting 
nozzle system that is easy to install, has minimum impact on the structure of the tower enclosure, 
and readily available in the local market was used. Additionally, this study focuses on cooling 
moist air and does not concern itself with altering temperatures or physical state of water being 
supplied to the sensible and evaporative cooling systems. 
This study measures thermal conditions inside tower and at tower outlet and does not 
measure thermal conditions within an indoor or shaded outdoor space being cooled by a passive 
downdraft cooling tower. Thus, no room was built, and no existing space (indoor or shaded 
outdoor) were sought after to attach the built prototypes onto. The site selected for this study was 
the Design School Solar Lab which is located on the fourth floor of the school’s north building that 
is part of Arizona State University Tempe campus. Tempe was the city selected for this study 
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because it provides a unique opportunity to understand performance of PDC under different 
climate conditions. To evaluate performance under hot dry conditions, data was collected during 
the month of June and beginning of July. To evaluate performance under hot humid conditions, 
data was collected during the second and third weeks of July upon arrival of the monsoon 
season. Some operational modes of the PHDCT were tested during the nighttime in July to more 
accurately understand towers performance under hot humid conditions, as ambient relative 
humidity percentages exceeded 90 percent during those times.  
 
1.5 Methods Summary 
For this study, it was decided to conduct an experimental evaluation to test a single stage 
downdraft cooler and a hybrid downdraft cooler simultaneously under identical conditions for four 
main reasons. First, studies that use computer simulation to measure outlet conditions of PDECT 
were readily available in the literature. Second, equations used in computer modules found in 
simulation programs such as EnergyPlus that predict outlet conditions obtained from PDECT 
were originally developed from data sets collected in milder conditions compared to that 
experienced in Tempe during the Summer of 2017, where temperatures as high as 123°F were 
recorded while conducting this research. Third, no complete data sets were found in the literature 
for passive downdraft cooling towers tested in the Phoenix Metropolitan area which experiences 
climate conditions ideal for integrating these systems. Finally, most of the studies found in the 
literature were on the traditional single stage direct evaporative cooling tower and there was a 
lack of studies that attempted to advance these systems by introducing additional stages of 
cooling. The steps used to conduct this study and analyze the recorded data were as follows: 
1. Define a design that represents state of the art in single stage passive downdraft 
evaporative cooling towers through review of tower design elements applied in 
several studies found in the literature that conducted an experimental evaluation.  
2. Use the defined single stage tower as a basis to develop a design for a hybrid tower 
that incorporates a second stage of sensible cooling in addition to the direct 
evaporative cooling mechanism identical to that used in the single stage tower. 
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3. Build the experiment setup using construction material and cooling systems readily 
available in the local market. 
4. Place data acquisition instrumentation in preliminary locations inside experiment 
setup and perform preliminary data acquisition. 
5. Evaluate recorded data from preliminary data acquisition and make necessary 
adjustments to experiment setup as well as to locations of data acquisition 
instrumentation. 
6. Conduct formal data acquisition during the hot dry days of June and the hot humid 
days of July following a set of operation modes previously identified for each tower. 
7. Analyze data collected from each tower for each operation mode in terms of outlet 
conditions, comfort levels, evaporative efficiencies, total cooling, cooling capacities, 
and water consumed by each tower during hours of operation. 
8. Analyze data collected from each tower over the entire period of data collection and 
use it to develop equations that estimate tower outlet conditions, specifically 
temperature and air velocity, using statistical methods. 
 
1.6 Definition of Terms 
Passive Cooling: The term “passive” as applied to heating and cooling of buildings was 
first introduced in the United States. Passive space heating is driven only by the sun as its single 
heat source whereas passive cooling operates by disposing excess heat in buildings to a natural 
heat sink, namely the ambient air, the water, the ground, and the sky, when they are at lower 
temperatures. These heat sinks are also the thermal dump for all active and mechanical cooling 
systems (J. Cook, 1989). Passive cooling does not exclude the use of a fan or a pump when their 
application enhances performance. If some power is needed to operate the system, then the heat 
transfer system is low cost and the ratio of the cooling capacity to power input, also known as 
coefficient of performance (COP), is rather high (Givoni, 1991). 
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Passive Downdraft Cooling (PDC): The process of cooling air passively at high levels, 
causing it to drop by gravity due to it becoming heavier. European literature uses the term 
downdraught whereas North American literature uses the term downdraft. 
Passive Downdraft Evaporative Cooling Tower (PDECT) or Single Stage Tower: this 
tower cools the air at the upper portion of the enclosure using a single stage direct evaporative 
cooling system. Several names were found in the literature that usually represent the cooling 
mechanism used to create the downdraft and the building element hosting the cooling process. 
Some examples are natural draft cooling towers, downdraft chimneys (Cunningham & Thompson, 
1986), downdraft evaporative chimney (Givoni, 1993), direct evaporative cool tower (Pearlmutter, 
Erell, Etzion, Meir, & Di, 1996), shower cooling tower (Givoni, 1997), natural downdraft 
evaporative cooling devices (Chalfoun, 1997), multi-stage downdraft evaporative cool towers for 
systems with two inlets and two sets of evaporative cooling devices (Pearlmutter, Erell, & Etzion, 
2008), katabatic cooling tower (4240architecture, 2016), buoyancy HVAC system (Corney, 2012), 
and passive downdraught evaporative cooling (Bowman et al., 1997; Ford, Patel, Zaveri, & 
Hewitt, 1998). Passive downdraft evaporative cooling tower (PDECT) was used in this study as it 
represented the cooling mechanism and the type of building element hosting the cooling process.  
Passive and Hybrid Downdraft Cooling Tower (PHDCT) or Hybrid Tower: this tower cools 
the air at the upper portion of the enclosure using at least two stages of cooling, a sensible 
cooling stage and a direct evaporative cooling stage. Some names that were found in the 
literature of these systems are passive and hybrid downdraught cooling (Ford et al., 2010) and 
mixed mode downdraught cooling systems (Ford, 2001). These names referred to systems which 
used chilled water pipes for the sensible cooling stage. Passive and Hybrid Downdraft Cooling 
Tower (PHDCT) was the term used in this study as it represented more than one cooling 
mechanism and the type of building element hosting the cooling process. 
Air Conditioning (AC): the U.S. Energy Information Administration (EIA) defines air 
conditioning as cooling and dehumidifying the air in an enclosed space by use of a refrigeration 
unit powered by electricity or natural gas. Fans, blowers, and evaporative cooling systems 
("swamp coolers") that are not connected to a refrigeration unit are EXCLUDED. 
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Wind Tower or Wind Catcher: Bahadori (1985) defines wind towers or wind catchers as 
natural ventilation systems originally found in Middle Eastern traditional architecture, also known 
as Baud-geer in Iraq and Iran or Malqaf in Egypt. These towers were designed to “catch” the wind 
at higher levels and direct it downwards into the living space at lower levels. Evaporation might be 
introduced at the tower outlet but is not considered an essential component of this system. 
Performance: multiple criteria are considered when evaluating performance achieved by 
each tower analyzed in this study. These are percentage of readings that fall within the American 
Society of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE) Standard 55 thermal 
comfort limits, evaporative efficiency, total cooling, cooling capacity, and water consumption. One 
tower is considered to perform better than the other when more hours of operation fall within 
thermal comfort limits, a higher value of cooling capacity is calculated, and less amounts of site 
water is consumed by the tower when compared to water consumed at the source by electric 
powered AC which provides the same amount of cooling provided by the towers.  
 
1.7 Organization of Dissertation 
This dissertation is organized under six main chapters. The first introduces the research 
problem and provides a justification of advancing passive downdraft cooling. The second reviews 
the literature related to passive downdraft cooling in terms of performance and application as well 
as methods used in studies conducted on these systems. The third provides a detailed 
explanation of the methodology used in this study and the different modes of operation that were 
tested. The fourth analyses the data collected from hot dry and hot humid days and the fifth 
presents the equations developed to estimate dry-bulb temperature and air velocity at towers 
outlets. The last chapter revisits the research questions and discusses opportunities for future 
research.   
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2. LITERATURE REVIEW 
This chapter provides an understanding of passive downdraft cooling (PDC) under four 
main headings. The first outlines factors affecting performance of PDC that have a major 
influence on the lack of spread of these systems. The second gives a general overview of PDC, 
including its classification, research areas, and enclosure design considerations, which helped in 
developing the design of the prototypes tested in this study. It also explains the position of these 
systems in the process of creating built environments that approach zero energy consumption, 
and its role in minimizing the impact of the built environment on the natural environment. The final 
part analyses the methods applied in previous studies conducted on PDC, which assisted in 
developing the methodology laid out in this study.   
 
2.1 Performance of PDC 
The limited application of PDC in the built environment can be attributed to three main 
reasons. The first is the perception that PDC consumes more water on site when compared to 
water consumed by electric powered AC. The second is the notion that PDC is incapable of 
maintaining desired human thermal comfort levels for the entire cooling period since it generally 
operates under hot dry conditions. The third is that applications of PDC were rarely found in the 
literature that advanced its performance by introducing other stages of cooling in addition to direct 
evaporative cooling. Following is a review of cooling principles, water consumption estimations, 
and human thermal comfort expectations, all which helped evaluate performance of PDC systems 
tested in this study. 
 
2.1.1 Cooling Principles 
Two forms of energy content need to be controlled when cooling unsaturated air-water 
mixtures or moist air. The first is sensible, which is when heat flows into or from a substance and 
only affects its temperature. The second is latent, which is when heat flow does not change the 
temperature but the physical state of the substance by causing it to freeze, melt, vaporize or 
condense. When water and air come in contact with each other, but are thermally isolated from 
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other influences, heat and water simultaneously transfers between them as a function of the 
differences between their respective temperatures and vapor pressures. Heat flows from the 
warmer to the cooler and water vapor flows from the higher vapor pressure towards the lower. 
The opposite occurs when water vapor in air is exposed to a water surface that has a 
temperature corresponding to a lower vapor pressure, resulting in condensation. This phenomena 
of simultaneous heat and mass transfer continues until temperatures and vapor pressures 
equalize (Kang, 2011; Watt & Brown, 1997). 
Direct evaporative cooling process involves both sensible and latent heat flow and cools 
moist air by exposing it to water. Some of the air’s sensible heat transfers to the water and 
becomes latent heat by evaporating some of the water. The latent heat follows the water vapor 
and diffuses into the air. The exchange of sensible heat for latent heat continues until the air is 
saturated and air and water temperatures and vapor pressures equalize. This process is 
considered adiabatic, meaning that no change occurs in enthalpy (the sum of the moist air 
sensible and latent heat content), when moist air contacts water whose temperature equals its 
wet-bulb temperature and no heat enters the process from other sources. In most cases, this 
process is not ideal or nonadiabatic, meaning that temperature of water in contact with moist air is 
higher than its wet-bulb temperature and heat enters the process from other sources 
(Santamouris, 2007; Watt & Brown, 1997). The psychrometric chart provides a graphical 
representation of thermodynamic properties of moist air and is used in Figure 2.1 below to 
illustrate these processes. The solid process-path vector represents the adiabatic cooling process 
and the dashed vector represents the nonadiabatic cooling process.  
Direct evaporative cooling is suitable for hot dry conditions and the most common 
applications of it are desert coolers or swamp coolers. Some ancient passive examples include 
locating water fountains in courtyards, and placing clay water jars in wooden lattice screens or at 
the bottom of wind towers (Schiano-Phan, 2010). In addition, most of the examples on PDC use it 
as the main cooling mechanism. For calculation purposes, direct evaporative cooling is treated as 
an adiabatic process, meaning that when represented on the psychrometric chart, it only alters 
entering air dry-bulb temperature along the line of constant enthalpy (also coincident wet-bulb 
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temperature). The larger the wet-bulb depression, which is the difference between entering air 
dry-bulb temperature and its wet-bulb temperature, the larger the moisture quantity that can be 
added to the air. In addition, the closer the exiting air dry-bulb temperature is to the ambient air 
wet-bulb temperature, the higher the evaporative efficiency. This is calculated using Equation 2.1 
below and usually ranges between 50 and 70 percent in these types of systems (Santamouris & 
Kolokotsa, 2013). The maximum temperature drop that can be achieved is equal to ambient air 
wet bulb temperature. At this point, efficiency is equal to 100 percent and no further advancement 
in performance can occur which is one of the major limitations of this process. 
   
Figure 2.1: Evaporative Cooling Processes Illustrated on the Psychrometric Chart. Direct 
Adiabatic Process-path Vector (Solid), Direct Nonadiabatic Process-path Vector (Dashed), and 
Indirect Process Path Vector (Dotted) 
 
Equation 2.1: Evaporative Efficiency 
 
 ϵevap  = 
TDBin-TDBout
TDBin-TWBin
 
Where: 
TDBout = Exiting air dry-bulb temperature (°F)  
TDBin = Entering air dry-bulb temperature (°F) 
TWBin = Entering air wet-bulb temperature (°F) 
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In evaporative cooling calculations, it is common to define total cooling and cooling 
capacity, on a temperature basis, not on an enthalpy basis (Kreider, Curtiss, & Rabl, 2010). After 
measuring conditions of moist air entering and exiting the cooling system, total cooling achieved 
can be calculated using Equation 2.2 below, and cooling capacity can be calculated using 
Equation 2.3 below. 
 
Equation 2.2: Total Cooling 
 
 Q (Btu) = (Vout × ρ × Cp  × A × ∆T) × total minutes of operation 
Where:  
Vout = Exiting air velocity (ft/min) 
ρ = Air density (lb/ft3) 
Cp = Air specific heat (Btu/lb°F) 
A = Cross-section area of air path (ft2) 
∆T = Entering air dry-bulb temperature (°F) subtracted from exiting air dry-bulb 
temperature (°F) 
 
Equation 2.3: Cooling Capacity 
 
Q̇ (Btu/h) = 
Q
H
 
Where: 
Q = Total cooling from Equation 2.2 (Btu) 
H = Hours of operation 
 
Indirect evaporative cooling process involves sensible heat flow and cools moist air 
without increasing its moisture content by passing it through a heat exchanger which contains air 
or water that has been cooled separately by direct evaporative cooling. These exchangers can 
either be fixed, such as tubes and plates, or movable, such as rotary wheels. Indirect evaporative 
cooling has an efficiency of approximately 40 to 70 percent. It changes air dry-bulb temperature 
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along the line of constant humidity ratio on the psychrometric chart as represented in the dotted 
process-path vector in Figure 2.1 above. Indirect cooling process is similar to refrigerated air 
conditioning though usually results in warmer temperatures (J. Cook, 1989; Santamouris, 2007; 
Watt & Brown, 1997).  
Indirect evaporative cooling is suitable for both hot dry and hot humid conditions. One 
passive example is roof pond systems such as Harold Hay’s “Skytherm” system that consists of 
water contained in plastic bags laid on the outside surface of a roof and topped with movable 
insulation. During the day, the water is protected from external heat gains by deploying the 
movable insulation panels; thus, causing the water to absorb heat generated indoors. During the 
night, insulation panels are retracted and the heat in the warmed water bags is discharged by 
thermal radiation to the sky and by natural convection to the atmosphere (Givoni, 1994). An 
example of this system applied in downdraft cooling is the advancement on performance of 
traditional wind catchers by coupling them with a Psychrometric Energy Core (PEC) which 
provides indirect evaporative cooling (Elzaidabi, 2009). In active systems, indirect coolers can be 
used alone or in combination with chiller coils to precool the entering air; thus, reducing chiller 
size and initial capital investment (Kreider et al., 2010). 
Two-stage evaporative cooling process involves both sensible and latent heat flow and 
cools moist air by combining two evaporative cooling processes in a series. Conventional two-
stage evaporative cooling is accomplished by precooling air without humidification in an indirect 
evaporative cooler (stage 1) and then evaporatively cooling the dry air from stage 1 in a direct 
cooler (stage 2). This generates colder air than when either process is used alone; thus, resulting 
in expanding the climate conditions where direct evaporative cooling is applied. When 
representing this process on the psychrometric chart, it changes air dry-bulb temperature along 
the line of constant humidity ratio in stage 1 and the air exiting from this stage then changes 
along the line of constant enthalpy in stage 2, as illustrated in the solid process-path vector in 
Figure 2.2 below. One example of a passive application of two-stage evaporative cooling is the 
use of a rock bed coupled with a direct evaporative cooler. During the night, the non-absorptive 
rocks are cooled using direct evaporative cooling. During the day, outdoor air is blown through 
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the now dry and cool rock bed as a first stage followed by a second stage of direct evaporative 
cooling to further lower its temperature (J. Cook, 1989). No examples were found in the literature 
that used two-stage evaporative cooling in a PDC system. Active two-stage coolers  have shown 
that they are capable of  providing comfort under hot dry as well as hot humid climate conditions 
and could be a viable replacement to traditional direct expansion systems (Heidarinejad, 
Bozorgmehr, Delfani, & Esmaeelian, 2009).   
Hybrid cooling process is what this study explores as an advancement to the single stage 
PDECT. It involves both sensible and latent heat flow and cools moist air by combining two 
processes, the first sensibly precools moist air using refrigerated air conditioning or chilled water 
pipes (stage 1) and then evaporatively cools the air from stage 1 in a direct cooler (stage 2). This 
results in colder air than when either process is used alone and when compared with two-stage 
evaporative cooling process; thus, expanding the climate conditions where direct evaporative 
cooling can be applied. This process provides flexibility as each stage can operate separately or 
in tandem, depending on ambient conditions.  
 
Figure 2.2: Two-stage Evaporative Cooling Process-path Vector (Solid) and Hybrid Cooling 
Process-path Vector (Dashed) Illustrated on the Psychrometric Chart 
 
Like the process-path vectors of two-stage evaporative cooling on the psychrometric 
chart, dry-bulb temperature changes along the line of constant humidity ratio in stage 1 and the 
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air exiting from this stage then changes along the line of constant enthalpy in stage 2. Using 
conventional air conditioning in stage 1 usually results in lower air temperatures entering stage 2; 
thus, lower temperatures exiting the cooling system when compared to that reached by two-stage 
evaporative cooling, as shown in the dashed process-path vector in Figure 2.2 above. The only 
example that was found in the literature of this system applied to PDC is the atrium at the Malta 
Stock Exchange building which combined chilled water pipes with direct evaporative cooling. 
Similar equations used to calculate total cooling and cooling capacity in direct evaporative cooling 
can be used here after measuring conditions of moist air entering and exiting the system. 
 
2.1.2 Water Consumption 
The importance of water to our existence is clear in the quote usually attributed to 
National Geographic’s edition from October 1993: “All the water that will ever be is, right now”. 
The impression that evaporative coolers and PDC systems consume more water when compared 
to electric powered AC systems has been a key limitation to their wider spread, but several 
studies have proven otherwise when site and source water consumption were calculated. More 
than 85 percent of United States electricity is generated using thermoelectric systems that 
evaporate water during the cooling of the condenser water. Hydroelectric plants evaporate water 
off the surface or reservoirs and generate 6.5 percent of the total U.S. electricity requirements. 
The 2004 study by the National Renewable Energy Laboratory (NREL) estimated that for 
every kWh of electricity consumed at the end-use, 0.47 gallons of fresh water evaporated if the 
electricity was generated from a thermoelectric power plant and 18 gallons of fresh water 
evaporated if the electricity was generated from a hydroelectric power plant. This resulted in a 
U.S. weighted total of 2.00 gallons of evaporated water per kWh of electricity consumed at the 
end-use. These values were further broken up by power provider to allow for individual 
interpretation of the results. For example, the Eastern Interconnect had a weighted total of 2.33 
gal/kWh, and the Western Interconnect, which supplies Arizona with electricity, had a weighted 
total of 4.42 gal/kWh (P. A. Torcellini et al., 2004). Since this study aims to expand applicability of 
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PDC to a wider range of climate conditions, the U.S. weighted total of 2.00 gallons per kWh of 
electricity consumed at the end-use was used. 
The NREL study has been used by multiple researchers to compare building cooling 
systems by the amount of water they evaporate, both at the site and the power plant. Harvey 
Bryan from Arizona State University, conducted a study that compared annual energy use, 
annual water use (site and source), water quality, and thermal quality, for a 25,000 ft2 single story 
suburban office building located in Phoenix, Arizona, when cooled by active, hybrid, and passive 
systems. The Western Interconnect power provider weighted total of 4.42 gal/kWh of electricity 
consumed at the end-use was assumed for source water consumption. Results showed that the 
traditional air conditioning system had the highest energy consumption at 122,020 kWh, as well 
as the most water evaporated at 539,000 gallons with no water evaporated on site, but it did 
provide the highest thermal quality. The indirect + direct system provided the best balance among 
all systems with 47,690 kWh of energy consumed, 348,000 gallons of total water evaporated (40 
percent of that on site), and moderate thermal quality. The PDECT had the lowest energy use, 
water use, and thermal quality of all the systems (Bryan, 2004).  
Chatterjee and Lenart from the University of Arizona conducted a similar study that 
compared monthly energy use and monthly water use (site and source) for a typical 2,000 ft2 
residence located in Tucson, Arizona, when cooled by traditional air conditioning and a swamp 
cooler. Arizona’s state water consumption values provided by the NREL study were used here. 
This means that the 88 percent of Arizona’s electricity supplied from thermoelectric power plants 
consumes 0.32 gal/kWh of electricity consumed at the end-use and the12 percent supplied from 
hydroelectric power plants consumes 65 gal/kWh of electricity consumed at the end-use. If 
thermoelectric power plant was the energy provider, then total water evaporated from the swamp 
cooler would be the highest at 4,620 gallons vs. 425 gallons from the air conditioner. If 
hydroelectric power plant was the energy provider, then total water evaporated from the air 
conditioner would be the highest at 55,250 gallons vs. 20,745 gallons for the swamp cooler. 
Electricity consumed by the swamp cooler was the lowest in both cases at 250kWh vs. 850kWh 
for the air conditioner. A PDECT would use nearly the same amount of site water as the swamp 
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cooler and only require 35kWh of electricity to operate its pump which moves water upwards to 
the tower inlet (Chatterjee & Lenart, 2007).   
These studies emphasize the importance of considering site and source water 
consumption when selecting a cooling system for a building and argue that what is considered 
most appropriate might be the least beneficial even in a climate with limited water resources. 
Arizonans consumes 100 gallons of site water per day and as much as 70 percent of that water is 
used outdoors (Arizona Department of Water Resources, 2015). This means that the average 
household size of 2.63 (U.S. Census Bureau, 2011) would consume 263 gallons of site water 
daily. There are many opportunities to conserve water other than residing to electric powered AC 
over PDC. The challenge is the ability of the latter to maintain the narrow range of expected 
thermal comfort levels and to train users to consider a wider range of conditions as comfortable. 
 
2.1.3 Human Thermal Comfort Expectations  
Human thermal comfort is defined by the American Society of Heating, Refrigerating and 
Air-Conditioning Engineers (ASHRAE) as the condition of mind that expresses satisfaction with 
the thermal environment. Factors that affect thermal comfort can be organized under three main 
categories, which are personal, such as clothing and metabolism, measurable environmental, 
such as temperatures and humidity levels, and psychological, such as color and light (Grondzik & 
Kwok, 2015). This study evaluates PDC in terms of its ability to achieve the environmental factors 
within which humans are considered comfortable. Thus, following is a brief explanation of those 
factors, specifically air temperature, air humidity level, and air velocity.  
The most common air temperature measurement is the dry-bulb temperature (DBT) and 
is obtained using a standard thermometer, thermocouple, or resistance temperature device. 
Another temperature measurement is the wet-bulb temperature (WBT) which is obtained by a 
thermometer whose bulb is covered by a wetted wick exposed to rapidly moving air. The 
temperature from the wet-bulb will drop until it reaches an equilibrium temperature at which the 
moisture from the wick is completely saturating the air. The wet-bulb temperature is the lowest 
that can be obtained in an adiabatic evaporation process. The mean radiant temperature (MRT) 
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is a measurement that represents the average temperatures of the surfaces surrounding our 
bodies and is a calculated variable that cannot be directly measured. MRT is often assumed to be 
equal to dry-bulb temperatures when evaluating comfort indoors. Operative temperature is the 
average of the DBT and the MRT (Grondzik & Kwok, 2015; Watt & Brown, 1997).  
Humidity levels in the air are typically described by relative humidity (RH) which is the 
percent of moisture in the air compared with the maximum moisture that air could contain if it was 
fully saturated at that temperature. When RH reaches 100 percent, moisture in the air condenses 
and dew is formed. Another measurement of air moisture content is humidity ratio (W) which is 
dimensionless and is the ratio between the weight of moisture per weight of dry air. Air velocity 
measures the movement of the air across the human body that can influence heat flow to and 
from the body and result in changes to body temperature (Parsons, 2003; Watt & Brown, 1997).  
For humans wearing typical clothing and performing sedentary activities, ASHRAE 
Standard 55 defines the boundaries within which thermal comfort is reached are when dry-bulb 
temperatures are approximately 68°F to 75°F in the winter and 75°F to 80°F in the summer, 
mean radiant temperatures are nearly equal to DBT, and humidity ratios are below 0.013. Air 
velocities are limited to 40 fpm but can also increase up to 160 fpm without affecting people 
performing stationary activities; thus, increasing the dry-bulb temperatures upper limit by 4.6°F. 
When people are more active in the space, air velocities can increase up to 300 fpm which 
increases the dry-bulb temperatures upper limit by approximately 6 degrees to reach 86°F 
(American Society of Heating Refrigerating Air-Conditioning Engineers, 2009). Givoni and Milne 
proposed expanding the outer boundaries of ASHRAE comfort zone through implementation of 
different passive strategies including PDC (Watson, 1979). Others argued for a larger comfort 
zone for evaporative cooling by increasing the humidity ratio upper limits (J. Cook, 1989; Watt & 
Brown, 1997).  
Since this study attempts to advance PDC using a hybrid system, the narrower ASHRAE 
comfort limits were used. Conditions achieved by PDC are considered comfortable when DBT fall 
between 68°F and 80°F, humidity ratios are below 0.013 and air velocities are below 300 fpm. 
 24 
 
These comfort limits are plotted as a zone on the psychrometric chart illustrated in Figure 2.3 
below. No change is applied to comfort zone boundaries with change in air velocity.  
 
Figure 2.3: ASHRAE Standard 55 Thermal Comfort Zone in Grey Plotted on Psychrometric Chart 
 
Building occupants in the West are more critical towards their indoor environments when 
compared to their counterparts in the East, which is why we notice a wider spread of PDC 
systems in countries such as India. Western occupants often compare performance of a new 
system to the conditions that can be achieved by AC when it should be a comparison between 
improvements in the indoor environment relative to the outdoor environment (Ford et al., 2010). In 
addition, current building regulations have placed the responsibility for the long-term performance 
and impacts of the building in the hands of the hired services engineers, who have little power to 
influence the form and function of the building. Due to code requirements and user expectations, 
engineers are usually driven towards recommending active mechanical systems that are capable 
of meeting both needs. This is eventually leading designers, both architects and engineers, to 
lose their skills in designing passive low energy buildings (Roaf, Nicol, Humphreys, Tuohy, & 
Boerstra, 2010). There is an obvious knowledge and skills gap among construction professionals 
in the construction industry when it comes to passive systems which is limiting further 
implementation of systems such as PDC. There is a proper understanding of the need, but a lack 
in understanding how to meet those needs (Ford et al., 2010). 
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2.2 Overview of PDC 
More than 40 years have followed the early beginnings of PDC in Tucson, Arizona. Since 
then, this system has undergone multiple developments, both nationally and internationally, to 
prove its viability and expand its applicability into the built environment. Establishing an 
understanding of how PDC started, its different classifications, the areas of focus explored in 
research projects conducted on these systems, and design considerations for PDC tower 
enclosures, was important prior to developing this study’s experiment setup and performing its 
data analysis.  
 
2.2.1 Origins of PDC  
PDC devices were originally developed in 1976 by Cunningham and Thompson at the 
University of Arizona’s Environmental Research Laboratory (ERL) in Tucson, Arizona, as an 
improvement to the typical wind tower or wind catcher. Their proposal was to shift the direct 
evaporative cooling process from the lower portion of a wind tower (tower outlet) to its upper 
portion (tower inlet). As high ambient air gets cooled after passing over vertical wetted cellulose 
pads, it becomes heavier and more humid inside the tower structure, causing it to drop by gravity 
and generate air motion inside without necessarily relying on wind speeds or fans; hence, the 
name passive downdraft evaporative cooling tower (PDECT). Further work was done between 
1977 and 1978 funded by an Arizona Solar Energy Commission grant in which a small PDECT 
was constructed and tested (Cunningham & Thompson, 1986).  
No further experimental work was performed until 1984 when a grant was received from 
the U.S. Department of Energy for two experimental setups. The first was a small scale PDECT 
with a solar chimney built inside a greenhouse, and the second was a full-scale PDECT with a 
solar chimney attached to the perimeter of a 1000 ft2 well insulated frame construction test house 
that was part of ERL’s Passive Solar Village. Results from data collected over a two-day long test 
between August 22 and 23, 1985, showed that significant temperature drops, up to 30°F, 
between inlet and outlet were achieved, and the highest recorded indoor temperatures were 
approximately 78°F. A decrease in comfort was noticed with the increase in wind speed due to 
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the decrease in evaporative efficiency. Thus, one important conclusion from this study was that 
towers should be sized for windless conditions. Another conclusion was that this system can be 
designed so that the downdraft and updraft towers operate separately or in combination with one 
another depending on ambient conditions, such as operating the solar chimney in hot humid 
instances when evaporative cooling is ineffective (Cunningham, Mignon, & Thompson, 1987; 
Cunningham & Thompson, 1986; Givoni, 1994).   
Most U.S. research projects on PDEC that followed these studies were mainly driven by 
individual efforts and rarely funded by the U.S. Department of Energy. International interest in 
PDEC began to rise and several governmental funded research projects were conducted in 
Europe. This included experimental work on PDEC systems developed for EXPO ’92 in Seville 
funded by the EXPO ’92 State Corporation (Alvarez, Cejudo, Rodriguez, & Guetra, 1991; Alvarez, 
Rodriguez, & Molina, 1991); application of PDEC in non-domestic buildings funded by the 
European Union Joint Opportunities for Unconventional or Long-Term Energy Supply Program 
(Joule), with experiments conducted on a test building in Catania (Institute of Energy and 
Sustainable Development, 2004); post occupancy evaluation of buildings with PDEC funded by 
the European Commission 6th Framework Program (Schiano-Phan, 2012); and developing 
PDEC systems that use porous ceramic units funded by the European Commission 5th 
Framework Program (Ibrahim, Shao, & Riffat, 2003; Schiano-Phan, 2003).   
 
2.2.2 Classification of PDC 
Examples found in the literature of PDC systems tested in research studies and applied 
to actual buildings were categorized here first by the cooling mechanism used to create the 
downdraft. These were wetted pads, misting nozzles, shower heads, porous ceramics, chilled 
water pipes, and hybrid systems that combine sensible cooling with evaporative cooling. They 
were then categorized by the building element where the downdraft takes place. These were 
towers attached or detached to the perimeter of a space, towers that have most of their outer 
surfaces within the space being cooled protecting it from ambient conditions, free standing towers 
which were mainly used to cool outdoor spaces, and atrium spaces. It was noticed that 
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approximately 85 percent of the identified projects which use PDC have the cooled air flow down 
a tower/shaft structure. Following is a brief explanation of each cooling mechanism with examples 
of projects and studies which have applied that mechanism. 
Wetted pads are considered a direct evaporative cooling system and usually hosted in a 
shaft/tower. Hot ambient air passes through pads, also called rigid media, similar to those found 
in desert coolers, which results in an increase in the moisture content and density of the air on the 
inner side of the pad (Santamouris, 2007). Several projects used this cooling mechanism 
including the perimeter tower attached to the Environmental Research Laboratory (ERL) Test 
House in Tucson, Arizona, shown in Figure 2.4 below, and the free standing tower at the Ministry 
of Municipal and Rural Affairs Environmental Rowdah in Riyadh, Saudi Arabia (Chalfoun, 1997).  
 
 
Figure 2.4: ERL Test House 
Source: (Cunningham & Thompson, 1986) 
 
 
Figure 2.5: Al-Rahmania Mosque 
Source: (Shamari, 2016) 
 
Figure 2.5 above is a picture of the west elevation of Al-Rahmania mosque in Al-Jouf, 
Saudi Arabia, that solely cools its 27,000 ft2 indoor space using ten PDECT placed along the 
perimeter of the building. Results from the building’s post occupancy evaluation showed that 
temperature drops averaged around 25°F at two in the afternoon during the summer months and 
desired thermal comfort levels could be maintained when PDECT was operating during the 
daytime. Furthermore, thermal comfort dropped below desired levels when PDECT was operating 
during nighttime due to rise in humidity levels (Al-Saud & Al-Hemiddi, 1999). The energy 
performance evaluation of the Zion National Park Visitor Center in Utah conducted using 
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measured data from November 2001 through October 2002, showed that using natural ventilation 
and the two PDECT along the perimeter resulted in 93 percent savings when compared to the 
baseline, the largest energy savings among all end-uses (P. Torcellini, Pless, Long, & Judkoff, 
2004). 
Shower heads are considered a direct evaporative cooling system and usually hosted in 
a shaft/tower. Drops of water which have large surface area are sprayed vertically downwards, 
like a shower, from the top of an open shaft. Unevaporated water is collected in a small pond at 
the bottom of the shaft and recirculated back to the shower head. The momentum of the falling 
water is transmitted to the air stream creating an inertial airflow down the shaft. The advantage of 
this configuration over a design that employs wetted pads is that any type of water, even brackish 
or sea water, if available, could be used for this system, meaning that it could be applied in 
regions where other evaporative cooling systems, which need high quality water, are not 
applicable. Additionally, aerodynamic resistance is lower, and airflow through the tower is 
expected to be greater (Givoni, 1998; Santamouris, 2007).  
 
 
Figure 2.6: Interactive Learning Center 
Source: (Woolley, 2002) 
 
 
Figure 2.7: Blaustein International Center 
Source: (Ford et al., 2010)  
 
This cooling mechanism has been applied in several projects, including the prototype 
cooling tower for outdoor rest areas at the Rotunda of EXPO ’92 in Seville, Spain (Givoni, 1998), 
and the four towers located within the open plan resource space of the Interactive Learning 
Center at Charles Sturt University, Dubbo campus, in Australia, shown in Figure 2.6 above 
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(Webster-mannison, 2003). Another example is the PDECT located within the glazed courtyard at 
the Blaustein International Center for Desert Studies Building, in Sde Boqer, Israel, shown in 
Figure 2.7 above. Field monitoring indicated that average temperature drops can reach 22°F on 
summer days. Mechanically forced air flow was used to supply larger air volumes (Pearlmutter et 
al., 1996).  
Misting nozzles are considered a direct evaporative cooling system and usually hosted 
in a shaft/tower or an atrium space. Very fine mist of water is sprayed into the air stream to 
optimize contact between air and water, while minimizing loss of air pressure. In contrast to the 
former system, misting nozzles can be designed to ensure the full evaporation of water; thus, 
allowing for pedestrian traffic beneath, while maximizing cooling output (Santamouris, 2007). As a 
rule of thumb, the amount of cooling achieved through evaporation increases as droplet size 
decreases. Since recent advancements in this technology allow for evaporation at low pressure, it 
is considered the most efficient and cost-effective direct evaporative cooling system for PDEC, 
which is why many PDEC projects and studies have used this method (Ford et al., 2010).  
Examples include Masdar Institute central courtyard free standing PDECT in Abu Dhabi, 
United Arab Emirates, shown in Figure 2.8 below and the perimeter tower at the Department of 
Global Ecology building in Palo Alto, California, shown in Figure 2.9 below. Results from the first 
year of measurements and observations of the building’s occupants at the Torrent Research 
Center in Ahmedabad, India, indicated that 64 percent of savings in electric energy consumption 
was achieved without compromising human thermal comfort levels when using its misting system 
located in the building’s atrium spaces. Ambient air temperatures were between 109°F and 111°F 
while internal temperatures were between 84°F and 86°F. Generally, internal maximum 
temperatures were 21°F and 26°F below ambient high. Air movement within the laboratories was 
also found to be acceptable (Ford et al., 1998).  
Another project was the University of Nottingham house entry for the 2010 Solar 
Decathlon competition in Madrid, Spain. The PDEC system was located at the top of the central 
light-well and ventilation shaft. Monitored data showed that this system managed to maintain 
internal temperatures 25°F below external temperatures (Ford et al., 2012). One unique example 
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of this system in the freestanding PDECT tested in Sede-Boqer, Israel, that was developed with 
two air inlets coupled with two sets of misting nozzles placed at different heights, in an attempt to 
improve traditional designs which usually have one inlet and one set of sprays. This helped 
achieve temperature drops that exceeded 18°F, which is more than the modest drop of 12.5°F 
achieved through the upper inlet alone, while reducing water consumption (Pearlmutter et al., 
2008). 
 
 
Figure 2.8: Masdar Institute Courtyard 
Source: (Foster + Partners, 2010) 
 
 
Figure 2.9: Department of Global Ecology 
Source: (EHDD Architecture, 2004)  
 
Porous ceramics are considered a direct evaporative cooling system and are usually 
hosted in a shaft/tower. The evaporation process occurs when hot ambient air passes over a 
wetted ceramic surface which causes an increase in the moisture content and density of the air. 
Several examples exist that apply this method such as Bahadori’s proposal shown in Figure 2.10 
below, which improves heat transfer area in traditional wind towers by using clay conduits inside 
the upper half of the tower shaft that are cooled by water sprayed on them at the top of the tower. 
Another example is the use of ceramic columns in the Spanish pavilion at the EXPO ’08 in 
Zaragoza, Spain shown in Figure 2.11 below. This cooling mechanism has also been applied in a 
porous ceramic panel product named “evapcool”. A study was conducted that applied this panel 
system to a wall in an office building in Tehran, Iran, and results showed that “evapcool” can meet 
85 percent of the building’s cooling loads (Schiano-Phan, 2003). 
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Figure 2.10: Bahadori Improved Wind Tower 
Source: (Mehdi N. Bahadori, 1985) 
 
 
Figure 2.11: Spanish Pavilion at EXPO ’08 
Source: (Mangado, 2008) 
 
Cooling coils are considered a sensible cooling system and are typically hosted in a 
shaft/tower or an atrium space. This method was originally developed to avoid well documented 
issues found in PDC with direct evaporative cooling such as unevaporated water at tower base, 
high humidity levels, and low cooling capacity, by using cooling coils in the air stream. Figure 2.12 
below is a picture of the PDC towers along the perimeter of the Conrad N. Hilton Foundation in 
Thousand Oaks, California. Three months of operational results showed that temperatures are 
generally maintained within the desired comfort range of 70-75°F (Mead, Baptista, & Corney, 
2013). The De Anza College Media and Learning Center is Cupertino, California, uses PDC 
perimeter towers to condition most of its perimeter spaces. Results from the first six months of 
operation showed that it was possible to reach temperatures and airflows that provide a high 
degree of comfort, even when external conditions were well above space cooling setpoint 
(Corney, 2013).  
Hybrid systems combine two or more cooling stages to create the downdraft, usually 
chilled water pipes or cooling coils with direct evaporative cooling, which are typically hosted in a 
shaft/tower or an atrium space. An example of this system is the atrium space at the Malta Stock 
Exchange shown in Figure 2.13 below. It uses misting nozzles to meet 25 percent of the atrium 
cooling loads and the remainder is supplied by the chilled water pipes, each operate separately 
based on cooling needs. The savings for the atrium space alone represented over 60 percent of 
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the predicted energy consumption for large fan coil units (Ford, 2002). Results from the study for 
the hot humid climates of India that combined misting nozzles located in a tower with earth tubes 
and desiccant cooling showed that the proposed system can achieve temperature drops of 14°F 
while maintaining relative humidity percentages below 75 percent (Gokarakonda & 
Kokogiannakis, 2014). 
 
 
Figure 2.12: Conrad Hilton Foundation 
Source: (ZGF Architects, 2013) 
 
 
Figure 2.13: Malta Stock Exchange 
Source: (Ford et al., 2010)  
 
2.2.3 Low Energy Building Design and PDC 
When it comes to designing net-zero or net-positive buildings in cooling dominant 
climates, passive cooling systems such as PDC are significantly important to incorporate but as 
part of an overall solution. This does not mean that advancing performance of PDC, which is what 
this study focuses on, is insignificant. On the contrary, when a design is aiming for zero energy 
consumption and beyond, every opportunity to minimize building energy requirements is valuable; 
hence, the importance of advancing performance of the individual systems. To create buildings 
that produce more energy than they consume, a four-step design process is usually followed.  
In the first step, building heat gains are reduced. One strategy to reduce external gains is 
optimizing building orientation and one strategy to minimize internal gains is capitalizing on 
natural daylighting to provide appropriate indoor lighting levels. In the second step, energy 
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efficient methods are employed, starting with the passive such as PDECT, cross ventilation, and 
stack ventilation, and followed by the low energy active systems, such as two-stage evaporative 
coolers. In the third step, energy required to remove the remaining gains is supplied from 
renewable sources. Finally, users are educated in how to operate the implemented building 
systems to maintain the targeted reduction in running cost.  
 
2.2.4 Research Areas of PDC 
Several research efforts have been made to advance PDC. The use of misting nozzles, 
shower heads, and porous ceramic units as a  direct evaporative cooling mechanism to create 
the downdraft in lieu of wetted pads was explored (Alvarez, Rodriguez, et al., 1991; Pearlmutter 
et al., 1996; Schiano-Phan, 2010). To a lesser extent, other cooling mechanisms were studied to 
evaluate their ability to create a downdraft, either exclusively such as chilled water pipes (Calautit 
& Hughes, 2016) and indirect evaporative cooling heat exchanger (Elzaidabi, 2009), or in 
combination with direct evaporative cooling such as porous ceramic units with thermoelectric 
cooler (Musa, 2008) and shower tower with earth tube ventilation and rotary wheel desiccant 
dehumidifier (Gokarakonda & Kokogiannakis, 2014).  
Mathematical models were developed to understand aerodynamic performance and 
evaluate thermal levels that can be achieved by PDC systems using direct evaporative cooling. 
This was usually followed by creating computer software that allows designers to size and predict 
the performance of PDEC from the early stages of the design process (Belarbi, Ghiaus, & Allard, 
2006; M. J. Cook, Robinson, Lomas, Bowman, & Eppel, 2000; Corney & Taniguchi, 2011; Ford et 
al., 2010; Kang, 2011; Kang & Strand, 2009; Lewis Thompson, Chalfoun, & Yoklic, 1994; Pde, 
2004; Robinson, Lomas, Cook, & Eppel, 2004). 
The applicability of this cooling system in multiple regions worldwide was evaluated 
(Badran, 2003; Mehdi N. Bahadori, 1994; Givoni, 1997; Salmeron et al., 2012; Xuan & Ford, 
2012). A procedure to define and plot onto the psychrometric chart a comfort zone specifically for 
PDEC applied to non-domestic buildings was developed as a correction to the evaporative 
cooling comfort zone developed by Givoni in 1992 (Lomas, Fiala, Cook, & Cropper, 2004). Post 
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occupancy evaluations on buildings that have implemented PDC systems were conducted to 
understand occupant satisfaction, evaluate system performance, and pinpoint operational issues 
that can be refined in future projects (Ford et al., 1998; Okkels, 2007; Schiano-Phan, 2012; 
Thomas & Baird, 2006; P. Torcellini, Long, Pless, & Judkoff, 2005).  
Using PDC for different building types such as high rise office buildings, schools, and 
data centers was investigated (Ibraheem & Ford, 2012; Iyer & Ford, 2012; Shirazi, 2014). 
Incorporating PDC into existing building elements such as courtyards, chimneys, mosque 
minarets, and church towers, was explored (M.N. Bahadori, Mazidi, & Dehghani, 2008; Mehdi N. 
Bahadori, 1994; Bouchahm, Bourbia, & Belhamri, 2011; De Melo & Guedes, 2006; Ford et al., 
2010). Studies tested different tower enclosure forms such as locating the cooling mechanism in 
a tower with a variable cross-section and multiple inlets in an attempt to reduce water 
consumption and enhance aerodynamic performance when compared to tower with constant 
cross-section and single inlet (Erell, Pearlmutter, & Etzion, 2008; Issa & Chang, 2012; 
Pearlmutter et al., 2008). Locating the cooling mechanism within a wall cavity to create a 
downdraft prior to entering the space being cooled was attempted (Glassman, Love, & Pal, 2010; 
Maerefat & Haghighi, 2010).  
 
2.2.5 Arizona’s Contribution to PDC 
It was perceived that the major research contribution from Arizona was in the original 
improvement to the traditional wind tower operational process by Cunningham and Thompson. 
Following that, the majority of the studies on PDEC were conducted by other researchers and in 
other regions nationally and internationally. Arizona’s latest research contributions to this area 
was the creation of the computer software “CoolDraft” developed by Gerald Pde during his 
studies at Arizona State University as an optimization to the “COOLT” software originally 
developed by Chalfoun in 1992 (Pde, 2004). Following that was the experiment conducted by 
Chakraborty & Fonseca during their PhD studies at ASU to evaluate the performance of a 
PDECT that uses a misting nozzle as well as solar chimney, both attached to a reduced scale 
space (Chakraborty & Fonseca, 2005).  
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The Application of PDC in Arizona can be found in the atrium space of the Phoenix 
Federal Court House which was built in 2000 and provided direct evaporative cooling using 
misting nozzles. Results from 2007 electric energy consumption showed that PDEC provided 75 
percent  reduction in annual running costs associated with cooling the atrium (Schiano-Phan, 
2012). PDC was implemented in the DPR Construction Phoenix regional office that was built in 
2011 and incorporates four PDECT located along the east façade which cool the air using a 
combination of misting nozzles and shower heads (Robins, 2014). It was expected that more 
research from researchers residing in Arizona would exist in the literature and more applications 
in the built environment would be found in this part of the U.S. Southwest, especially since this 
type of passive cooling system was initiated here, and the hot dry climate conditions mixed with 
occasions of hot humid conditions during the summer season could be ideal for optimized PDC 
that combine multiple cooling stages. 
 
2.2.6 Design Considerations for PDC Tower Enclosures 
There are three elements in the PDC tower enclosure that impact conditions of air at the 
exit. These are the tower inlet, the tower shaft, and the tower outlet. Figure 2.14 below provides a 
visual representation of these design elements. Ambient air enters the system through the tower 
inlet which is located at the upper portion of the tower and sits on top of the tower shaft. The form 
of the inlet is an important consideration and most of the examples found in the literature had 
cube type inlet with diagonal baffles on the inside. Other forms included cylindrical, such as 
Council House 2 (CH2) five perimeter towers in Melbourne, Australia (DesignInc, 2006) and 
triangular prism such as Masdar Institute central courtyard free standing PDECT in Abu Dhabi, 
United Arab Emirates (Foster + Partners, 2010).  
The total vertical surface area is the sum of the areas of all inlet vertical openings and is 
recommended to be at least equal to tower cross-section area. When using wetted pads, the total 
area of the pads outer surface would act as the total vertical surface area. The direction on the 
openings, which usually relate to prevailing wind direction, need to be considered as well. These 
openings can be unidirectional, such as the wind catcher coupled with closed loop chilled water 
 36 
 
pipes tested in Ras Al Khaimah, United Arab Emirates (Calautit & Hughes, 2016), bi-directional, 
such as the Department of Global Ecology perimeter tower in Palo Alto, California (EHDD 
Architecture, 2004), and multi-directional, which is the design that most of the towers have 
applied such as the Kenilworth junior high school in Petaluma, California (Quattrocchi Kwok 
Architects, 2006). 
 
 
Figure 2.14: PDC Tower Enclosure. Left: Side Discharge. Right: Top Discharge. 
 
The design considerations for the tower shaft include the cross-section area which 
relates to the volume of air required to supply into the space being cooled. The shape of the shaft 
cross-section when taken parallel to the ground is typically identical to the shape of the inlet 
cross-section. An example where these shapes were different include Masdar Institute PDECT 
which had a circular shaft cross-section and a triangular inlet cross-section. The effective height 
of the shaft is another key design consideration. This is the distance between the bottom of the 
inlet and the top of the outlet. The height mainly impacts velocity at tower outlet since the majority 
of the cooling happens within the upper 5 ft of the tower shaft (Pearlmutter et al., 1996). It is 
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recommended to have the effective height between double and triple the length of the edge 
parallel to the prevailing wind direction (Kang & Strand, 2016). The Cunningham and Thompson 
tower in Tucson, Arizona had a shaft cross-section width of 6 ft and an effective height of 15 ft.  
Tower outlet design considerations include discharge direction, which is typically side 
discharge as cooled air makes a 90-degree bend from the shaft and into the space being cooled. 
Top discharge is another common outlet configuration, especially with towers that use wetted 
pads or misting nozzles, as these ensure the full evaporation of water; thus, allowing for 
pedestrian traffic beneath while maximizing cooling output (Santamouris, 2007). Examples of the 
top discharge include the Eco Boulevard in Madrid, Spain (Ecosistema Urbano, 2007). Tower 
outlet area is another important consideration and was recommended to be at least equal to 
tower cross-section area. 
 
2.3 Methods Applied in Studies on PDC  
The following studies were further analyzed to understand the methodologies and 
methods they used. These studies were selected because they had similar methods and goals to 
what this study has. They either involved an experimental analysis, or attempted to expand 
applicability of PDC through incorporating multiple cooling stages. Research areas covered by 
these studies were: applicability of PDECT in hot dry climates, replacing the traditional tower 
enclosure that typically had a constant cross-section area and single inlet with a tower enclosure 
that had multiple cross-section areas and multiple inlets, using other cooling mechanisms in 
isolation or in combination with direct evaporative cooling, reevaluating the cooling output from 
PDECT coupled with solar chimneys that was stated in the early studies, and reevaluating 
simplified mathematical models developed for PDECT sizing and performance prediction. Figure 
2.15 below provides illustrations of the studies reviewed in this section. 
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Figure 2.15: Section Cuts of Experiment Setups Reviewed for Their Methodologies 
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Pearlmutter, Erell, and Etzion (2008) studied possibilities of reducing water 
consumption from traditional PDECT without compromising cooling output by changing enclosure 
geometry from the common constant cross-section and single set of misting nozzles to one with 
variable cross-section and multiple sets of misting nozzles. Their hypothesis was that if a 
secondary inlet with a second set of misting nozzles was added to the portion of the tower located 
within the space being cooled, which would allow for air that is relatively cooler and more humid 
compared to ambient air to recirculate back into the tower, then desired temperatures can be 
reached with less water consumption. The tests were conducted in the hot dry region of Sede-
Boqer, Israel. 
The researchers followed a four-step methodology to test this hypothesis. In the first, 
several geometric configurations for such multi-stage PDECT were analyzed using computational 
fluid dynamics (CFD) simulation. A design that incorporated two partly overlapping cones, of 
which the upper was inverted, was further developed. The main inlet was fan assisted and draws 
in air through a bi-directional wind catcher and the outlet has a semi-permeable deflector. A 
reduced scale prototype was built and amount of overlap between the two cones was optimized 
in wind tunnel experiments. Hot-wire anemometers were used to measure air velocity at 
secondary inlet and at outlet under various overlap conditions and air mass flow rates were 
calculated.  A full-scale 26 ft high prototype of the optimized tower design and its surrounding 
enclosure were built outdoors in the second step. Due to the lack of a fully enclosed space, a 
fabric structure was used to create the enclosure, meaning that air conditions at main and 
secondary inlets were approximately the same. The type of misting nozzles that were used 
provided coarse drop sizes even though this did not allow for full evaporation at tower outlet. This 
was to avoid clogging and maintenance issues related to fine drop nozzles.  
Two sets of experiments were conducted to collect data in the third step. The first named 
“dry operation mode” with misting nozzles switched off to assess tower aerodynamic 
performance. Measurements of air velocity and wind speed were taken during the month of June. 
The second named “wet operation mode” with misting nozzles switched on to assess cooling 
power. Measurements of temperature, air velocity, and wind speed were taken during the month 
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of August. Equipment used were hot-wire anemometers, 3D ultrasonic anemometers, and data 
loggers. In the last step, statistical analysis showed strong correlation between aerodynamic 
performance of reduced and full-scale prototypes. It also showed that cooling output had strong 
correlation with air flow and water supply rates. Calculations showed that the amount of water 
evaporated was lower than that in a single stage tower (Erell et al., 2008; Pearlmutter et al., 2008; 
Pecornik & Krutzler, 2004).  
Since there was no full-scale single stage baseline tower operating simultaneously with 
the proposed tower to compare cooling power with, psychrometric analysis was performed and 
results showed that the secondary inlet is most beneficial when recirculated air has lower 
enthalpy than ambient air, otherwise cooling power of traditional PDECT is higher than the 
proposed design. Having the climate conditions at the secondary air inlet nearly the same as 
those at the primary air inlet had significant impact on results at inlet and was another limitation of 
this study.  
Al-Hemiddi (1995) investigated the applicability of three passive cooling systems, 
namely PDECT, roof pond, and green roof, in the hot dry climate of Riyadh, Saudi Arabia. This 
study was done to fulfill the requirements for his PhD degree at the University of California in Los 
Angeles. A three-step methodology was followed which included experimental studies on these 
systems to identify the one with the highest cooling potential. In the first step, the systems were 
added onto a full-scale building located on the campus of King Saud University which had five 
equally sized rooms. One passive system was added to each room and the remaining two rooms 
were used as an office and a control room. The downdraft effect in the PDECT was created with 
a shower head hosted in a tower structure that had a cross-section of 3 ft x 3ft and a total height 
of 15 ft (3 ft for the wind catcher, 9 ft for the evaporation column and 3 ft for the water tank).  
In the second step, data was collected over 10 measurement periods, 4 during the 
summer of 1993 and 6 during the summer of 1994. Operational issues noticed in the first summer 
were adjusted for the second summer. Each period had the system set to a different configuration 
such as change in shower head height and change in water flow rates. Measurements of dry-bulb 
temperature were taken using thermocouples at tower inlet, shaft, outlet, and interior space. Wet-
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bulb temperatures were mathematically calculated from dry-bulb temperatures. An anemometer 
was used to measure air speeds at inlet and outlet. In the last step, data was analyzed using 
statistical procedures. For example, the dependent variables of air speed and dry bulb 
temperature at PDECT outlet were correlated to each of the independent variables that affected 
them, including ambient air wind speed, shower head height, wet-bulb depression, and water flow 
rate. Multi regression equations were developed for the two and strong correlation existed 
between computed and measured results.  
One conclusion made from this part of the study is the direct correlation between 
temperature drop and shower head height as well as water flow rate. The tower configuration with 
the highest height and flow rate provided 80 percent evaporative efficiency. One conclusion made 
from the overall study is that PDECT outperformed roof ponds and green roofs based on results 
collected when they were operating simultaneously (Al-Hemiddi, 1995). This was one of the most 
comprehensive student research projects found on passive cooling systems in general and 
PDECT in specific because of its comparative analysis, but extensive resources are required to 
perform a study of this magnitude.  
Elzaidabi (2009) attempted to advance the performance of traditional wind catchers by 
coupling them with a Psychrometric Energy Core (PEC), which provides indirect evaporative 
cooling using an operation cycle similar to the Maisotsenko cycle (M-Cycle). It uses a wet side 
and dry side plate system with special geometry to direct airflow within the core in vertical and 
horizontal channels, which helps reach temperature drops that are a few degrees higher than the 
entering air dew point temperature. This study was part of the requirements for Elzaidabi’s PhD 
degree while at the University of Nottingham. He followed a four-step methodology to evaluate his 
objective.  
In the first, experiments were conducted on three PECs with different labeled cooling 
capacities to identify their actual cooling capacities when operating in a baseline indirect 
evaporative cooler. Experiments took place inside an environmental chamber to simulate multiple 
conditions of temperature and relative humidity. For each PEC size, data of temperature, relative 
humidity, and air velocity at inlet and outlet of the indirect evaporative cooler was collected using 
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temperature/RH probes, hot-wire anemometers and data loggers. Data was used to calculate 
cooling power, air flow rate, and coefficient of performance (COP). Further tests were conducted 
on the PEC with highest performance from initial test results after rectifying design issues with the 
baseline indirect evaporative cooler to understand the levels of improvement that can be made in 
cooling power and COP.  
In the second step, a design for a wind catcher coupled with the PEC that recorded the 
highest performance in step one was developed and a laboratory scale prototype was fabricated. 
The flow through the system was verified using CFD simulation in the third step and the 
performance of the prototype was evaluated in the last step. Experiments took place inside a 
laboratory with a wind tunnel to simulate multiple wind speeds and an electric heater was used to 
simulate multiple temperatures. The same data collection system that was used in the first step 
was used here to collect data required for cooling power, air flow rates, and COP calculations 
(Elzaidabi, 2009). This was another comprehensive student research project on passive cooling. 
It was expected that there would be comparative analysis between tested systems in steps one 
and four; however, that was not mentioned in the study. 
Calautit et.al. (2013, 2015 & 2016) similarly attempted to increase temperature drops 
from traditional wind catchers and decrease water consumption from traditional PDECT through 
developing a design of a unidirectional wind catcher coupled with closed loop chilled water pipes. 
The heat in the air entering the proposed wind catcher is absorbed by chilled pipes located in the 
air stream “evaporator” and then rejected to a sealed water tank underneath the main air inlet 
“condenser”. To validate the advantages of this system, three major steps were followed. In the 
first, CFD simulation was used to compare performance of the developed design to that of a 
PDECT which uses wetted pads as well as to a commercial wind catcher. Results from this stage 
were used to further optimize the proposed design.  
In the second step, wind tunnel testing on a reduced scale physical model of the 
proposed wind catcher attached to the roof of an enclosed room was conducted as well as CFD 
simulation on the developed design. Hot-wire anemometer was used to measure air velocity in 
 43 
 
the model and smoke testing was performed to visualize the airflow patterns in the wind catcher 
and the room. Strong correlation existed between results from CFD and wind tunnel testing.  
In the third step, a full-scale prototype of the new design was fabricated and attached to 
the roof of a 100 ft2 single room located on a site in Ras Al Khaimah, United Arab Emirates, with 
the Inlet oriented towards the prevailing wind directions. Field tests were conducted during the 
month of September and data was collected using thermocouples and a multi-channel data 
logger. There was good correlation between temperature reduction in CFD simulation and in 
actual field test. Simulations showed that temperature drops up to 21.5°F can be achieved during 
lower wind speeds, and actual temperature drops in field tests ranged between 7 and 20°F. 
Higher drops were achieved when wind directions were facing prototype inlet and at low wind 
speeds, about 4 miles per hour (Calautit, Chaudhry, Hughes, & Ghani, 2013; Calautit & Hughes, 
2016; Calautit, Hughes, Chaudhry, & Ghani, 2013; Chaudhry, Calautit, & Hughes, 2015). Data 
related to the fabrication process of full-scale prototype was lacking from this study, especially 
that related to the heat exchanger. Additionally, it was not clear how the heat from the condenser 
gets rejected to the atmosphere. Optimization of the design based on operational issues is yet to 
be done. 
Musa (2008) attempted to expand the applicability of PDC with direct evaporative cooling 
to more humid conditions. During his PhD studies at the University of Nottingham, he proposed 
as system that uses high porosity ceramic units, originally developed in 2003 by Schiano-Phan, 
as a heat sink for a thermoelectric cooler. To evaluate the performance of this system, a four-step 
methodology was followed, starting with an experiment conducted in an environmental chamber 
to understand the cooling output from ceramic units prior to combining them with the 
thermoelectric cooler. To create indoor and outdoor space conditions, the chamber was 
partitioned with a wall made of three sections, one contained porous ceramic units in stacked 
configuration, the other contained porous ceramic units in hanged configuration, and the 
remaining portion was filled with thermal insulation. Air enters the ceramic portions of the wall on 
the side of the chamber that represents outdoor conditions, flows over the ceramic units, and then 
into the side of the chamber that represents indoor conditions.  
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Multiple outdoor conditions were simulated and measurements of temperature, humidity, 
water consumption, and air velocities were collected for both ceramic configurations using 
probes, thermocouples, orifice plate meters and data loggers. In the second step, calculations 
using equations that govern this system found in literature were performed and followed by 
comparative analysis between theoretical and experimental results. The hanging ceramic unit 
supplied lower temperatures compared to the stacked units, but required more water and resulted 
in higher humidity levels due to larger surface areas. Both systems consumed considerably lower 
amounts of water when compared to traditional PDEC systems.  
In the third step, an experiment was conducted that combined a typical thermoelectric 
unit found in a residential electric heater with the ceramic units in the hanged configuration. As in 
the first step, performance was evaluated in the environmental chamber and data was collected 
using same measurement equipment but this time for one set of outdoor conditions. Hot air that 
enters the system from the side of the chamber representing outdoor conditions and gets cooled 
by the ceramic units. The cooler air then circulates over the hot part of the thermoelectric unit 
causing it to drop in temperature and absorb the heat in the air flowing over the cool part of the 
thermoelectric unit located on the side of the chamber representing indoor conditions. The 
experiment was conducted twice, once with no water in ceramic units and another with water in 
ceramic units. Indoor temperatures obtained from the latter setup were 15°F lower when 
compared with temperatures obtained from the former setup while also using lower water flow 
rates, showing the high potential of this system. Mathematical models that govern this system 
were developed in the last step (Musa, 2008). Repurposing a product available in the market was 
a successful aspect of this study, but no calibration between results from experiments and 
mathematical models were conducted. In addition, the proposed system required more testing 
under a wider range of outdoor conditions and more rigorous comparative analysis between 
results from the two sets of experiments was needed.  
Gokarakonda and Kokogiannakis (2014) attempted to expand the application of 
PDECT into the hot humid climates as well by proposing a design for a hybrid tower that 
combines three cooling stages, starting with earth tube ventilation, then rotary wheel desiccant 
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dehumidifier, and finally direct evaporative cooling using misting nozzles. To evaluate 
performance of this system, a computer simulation was conducted using whole building energy 
simulation program EnergyPlus. The city selected for the simulation was Visakhapatnam, India, 
which is categorized as a tropical hot humid climate. The space being cooled in the simulation 
was one zone in a dwelling unit comprised of three zones that has design properties typical to 
that found in the region. Due to limitations with EnergyPlus which was unable to predict in one 
step, outlet conditions of air after passing through all cooling stages, the simulation was broken 
down into four steps. This required adjusting the weather file for each step so that the exit 
conditions of one mechanism became the conditions entering the following mechanism. In 
addition, each step involved parametric studies to identify optimum properties for that cooling 
mechanism.  
The overall cooling effect of the system on the zone was understood in the last step using 
the city’s original weather file. A customized EnergyPlus component that supplies air to the zone 
with conditions from step three was added to represent the system. Simulation output was 
analyzed using statistical procedures. Results from two weeks in May showed that temperature 
drops of 14°F were possible while maintaining relative humidity and air flow rates within 
comfortable levels when outdoor temperatures were 95°F (Gokarakonda & Kokogiannakis, 2014). 
It was not clear how the space being cooled was selected or how it was defined as a typical 
dwelling unit in the region. Nothing was mentioned about future research that attempts to build 
and test a full-scale prototype of this multi-stage system.  
Chakraborty and Fonseca (2005) reevaluated the performance of a PDECT coupled 
with a solar chimney when both attached to an interior space in the hot dry climate of Tempe, 
Arizona. This research project was performed during their PhD studies at ASU and was 
undertaken in two steps. In the first, a reduced scale physical model of a tower, an enclosed 
space, and a chimney were built outdoors. Building the model was not preceded with a design 
process because it was decided to make the proportions of the components similar to the 
Cunningham and Thompson Test House. In lieu of wetted pads, this tower used one misting 
nozzle to cool the air and create the downdraft. The chimney was colored pitch black to increase 
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negative pressure and create better airflow through the space. The shape of the scoop at the 
tower inlet was adopted from the results of the study be Pearlmutter et al. (1996). Dimensions of 
the tower, enclosed space, and solar chimney were (1 ft long x1 ft wide x 8 ft high), (8 ft long x 3 
ft wide x 3 ft high), and (3 ft high x 4 inches in diameter) respectively.  
In the second step, data was collected from last week of April to first week of June 2005 
using thermocouples, data loggers and MRT thermometers. Analysis for the first day of June 
showed that temperature drops up to 25°F at tower outlet and an indoor MRT that was 20°F 
below ambient temperatures can be achieved during peak hours. It was also noted that the solar 
chimney had positive effect on increasing air flow rates and tower cooling efficiency which was 
different from observations made on the Tucson Test House where flow rates depended on 
temperature difference between the inside and the outside of the PDECT (Chakraborty & 
Fonseca, 2005).  
This tower is at one third the height of the original Cunningham and Thompson tower, 
which makes the results questionable, especially since cooling performance of this system is 
related to tower design dimensions. A half-scale model would have been a more appropriate size 
to use. Even though data was collected for over a month, it was analyzed for only one day, which 
does not capture the performance of this system under a wide range of conditions. Humidity 
levels, both ambient and at tower outlet, were not measured, meaning that evaporative efficiency 
could not be estimated. In addition, it was not clear if full evaporation of water droplets was 
reached at tower outlet. 
Botha and Dobson (2010) attempted to reevaluate the performance of PDECT coupled 
with a solar chimney and develop a one-dimensional mathematical model of these systems. They 
performed this research during their graduate studies at the University of Stellenbosch, South 
Africa. A three-step methodology was followed, starting with the laboratory experiment setup, 
which contained three components: a 9 ft high PDECT, a living space, and a solar chimney. All 
were made from clear acrylic tubing (4 inches in diameter) connected together by PVC elbows 
and the solar chimney was represented by a simple tube-in-tube heat exchanger. The chimney 
acrylic tube was enclosed with an outer tube (10 inches in diameter) with both ends of the outer 
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cylinder capped and heat was supplied into the gap between the two using a hairdryer with two 
power settings. A fourth component that incorporates a fan can be added on to convert this 
system from natural to forced convection. Wetted pads were used for evaporative cooling and 
were made from eight concentric cotton cloth cylinders supported by a wire frame. The pads were 
1 ft high and had a 1.3 ft outer diameter with 1 inch spacing between successive cloth cylinders. 
The mathematical model was developed next using equations of thermodynamics. In the 
last step, three sets of experiments were conducted to collect data of dry-bulb temperatures and 
air velocities. These were natural convection with low heat chimney, natural convection with high 
heat chimney, and forced convection with no heat added to chimney. Comparison between 
results from mathematical model and experiments showed strong correlation. One key 
observation made in this study was that volumetric flow rate through experimental setup highly 
depended on heat inside solar chimney which again conflicts with findings from the Tucson Test 
House where volumetric flow rate depended on temperature difference between the inside and 
the outside of the PDECT. This was probably due to testing a reduced scale version of the 
system. In addition, Botha and Dobson suggested that the living space section of the 
experimental setup, which was represented in a horizontal pipe, could be replaced with an 
element the reflects real life conditions and accounts for cooling loads (Botha & Dobson, 2010). 
There was no proper simulation of various ambient conditions as tower inlet was within laboratory 
space and its conditions only varied slightly from one set of experiments to the other. Similar to 
the former study, humidity levels, both ambient and at tower outlet, were not measured. 
Equipment used in the experiment to take measurements were not mentioned. 
Chiesa and Grosso (2015) reevaluated the existing simplified mathematical models for 
PDECT. This study was conducted at the Polytechnic of Turin, Italy, and a four-step methodology 
was followed. In the first, a reduced scale physical model of PDECT was built indoors from a 9 ft 
high and 2 ft in diameter PVC sewage pipe that was placed 3 ft above ground using a tripod in 
order to create a gap at the base for a tower outlet. A misting nozzle was used for evaporative 
cooling and a basin was positioned at the outlet to collect unevaporated water. Following that, 
data was collected by exposing the model to multiple inlet conditions and readings were taken 
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after allowing the spray to operate for 30 to 45 minutes so that conditions in tower were stable. A 
Discharge time of two hours was considered before the next reading was taken. Measurements 
were collected using anemometers for dry-bulb temperature, relative humidity, and air velocity. A 
pressure gauge was used to measure water supply pressure and a precision balance was used 
to weigh water accumulating at the base.  
In the third step, statistical procedures were used to compare measured outlet conditions 
with calculated outlet conditions for the same set of inlet conditions from the lab experiment using 
four equations developed by Givoni and Ford et al., two of which were based on regression 
analysis. Results showed that Givoni’s equation based on regression slope coefficient value had 
the highest accuracy with 63 percent of the calculated evaporative efficiency falling within a ± 0.1 
range of the measured evaporative efficiency. In the last step, the same statistical procedure from 
the previous step was followed, but this time comparing outlet conditions from existing data sets 
of buildings with PDECT to calculated outlet conditions using the simplified equations for the 
same set of inlet conditions from the existing data. Results showed that Givoni’s equation had the 
highest accuracy in this case as well, with 63 percent of the calculated evaporative efficiency 
falling in a ± 0.1 range of the measured evaporative efficiency.  
Even though Givoni’s equation was developed for PDECT with wetted pads, it was 
relatively accurate for PDECT with misting nozzles. Further statistical analysis found the optimum 
slope coefficient to be 0.8 with 86 percent of the calculated results falling within a range of ±25 
percent (Chiesa & Grosso, 2015). This study demonstrated that outlet conditions measured from 
reduced scale physical models had strong correlation with outlet conditions calculated using 
equations developed from data acquired through full-scale applications; thus, such towers could 
accurately reflect what would happen in a full-scale setup. It was not clear on how it altered 
indoor conditions to simulate different types of outdoor conditions.  
 
2.4 Summary 
Globally, PDC has been integrated to over 100 buildings in the past years. Even though 
all surveyed buildings were energy efficient and cost-effective and most surveyed buildings were 
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thermally comfortable, it was expected that a cooling process as old as evaporative cooling in 
general, and PDC systems in specific, would be applied more widely (Ford, Schiano-Phan, & 
Francis, 2010). Multi-stage cooling systems have proven to be more effective when compared to 
direct evaporative cooling; however, examples of PDC systems that incorporate such systems 
which operate in tandem, or separately, to improve indoor thermal comfort levels was rarely found 
in the literature. Only a few research projects explored PDC systems which combine multiple 
cooling stages, such as Musa (2008), and the majority of the built applications used single stage 
PDC, such as the Torrent Research Center (Ford et al., 1998). The Atrium at the Malta Stock 
Exchange building was the only example that combined direct evaporative cooling with chilled 
water pipes (Ford, 2002). This is where this study positions itself in the larger framework of 
research on PDC as it proposes advancing PDECT through Multi-stage cooling. 
Methods applied in studies on PDC were quantitative in their nature and mainly used 
scientific methods to test hypothesis. Methodologies used in all the analyzed studies involved 
development of a theoretical model, an experimental study on an existing PDC system, an 
experimental study of a newly proposed PDC system, or a combination between experimental 
study and theoretical development. Experiments were conducted indoors as well as outdoors and 
all that were conducted on a reduced scale model hosted the cooling mechanism in a tower like 
structure. Data was analyzed using statistical procedures in all studies. Validating results was 
usually done using comparative analysis.  
It is well known that design is subjective by nature, regardless of the process followed to 
reach the design, and developing a PDC system is no different as it is strongly related to the 
researcher’s background and his/her own biases. Even though most of the studies used scientific 
methods to rationalize and optimize a newly proposed idea (CFD analysis and/or experiments on 
reduced scale physical models) prior to testing performance of the full-scale prototype, visualizing 
the idea could have taken many other directions. Studies mentioned evaluating a series of 
iterations preceding the direction taken for experiment development, but details of that part were 
not found in any study.  
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3. METHODOLOGY 
This chapter provides a detailed explanation of the methodology used to conduct this 
study under two main headings. The first explains the steps followed to develop and build the 
experimental setup for the two towers being analyzed. The second explains the different data 
acquisition systems used and their placement in the experiment, the key findings from preliminary 
data collection, and the different operational modes that were tested over the months of June and 
July 2017. The expenses of the experiment construction and data acquisition system were funded 
by the APS Endowment for Sustainable Design Research Grant awarded to this project by the 
Herberger Institute Research Council and Arizona Public Service (APS). 
 
3.1 Experiment Development 
Since this study attempts to understand the extent that multi-stage passive and hybrid 
downdraft cooling towers (PHDCT) can advance performance of single stage passive downdraft 
evaporative cooling towers (PDECT), it was critical to define what design represents a traditional 
single stage tower and use that design as a basis to develop the multi-stage hybrid tower prior to 
building the experimental setup. 
 
3.1.1 PDECT Prototype Design 
The four elements of a PDECT that impact conditions of the air exiting the system are the 
tower shaft, the tower inlet, the tower outlet, and the tower direct evaporative cooling system. 
These elements were analyzed for seven studies found in the literature that collected data from 
PDECT using an experimental setup. Cunningham and Thompson’s tower is one of the first full-
scale applications of this system and results from this tower were promising as significant 
temperature drops were recorded. The Catania experimental building was constructed as part of 
a European Commission program to monitor PDECT performance. The data set obtained from 
this experiment was used in several studies, such as validating a computer model of 
simultaneous heat and mass transfer as well as turbulent flow in a PDECT (Kang & Strand, 
2013). The data sets from Givoni (1994), Al-hemmidi (1995), and Yajima and Givoni (1997), were 
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reported by Givoni in 1997, and represented results from shower cooling towers tested under 
multiple climate conditions. These data sets were used to partially validate the PDECT computer 
module developed for EnergyPlus (Kang & Strand, 2009). Chiesa and Grosso (2015), used a 
simplified experimental setup to evaluate existing equations used to predict PDECT outlet 
conditions. Finally, Chakraborty and Fonseca (2005), conducted one of the few experimental 
evaluations of these systems that took place in Arizona, using a reduced scale physical model. 
The dimensions of the tower shaft, specifically the cross-section area and the tower 
effective height, are considered a major driver of the design because of their impact on air 
velocity and volumetric flow rate. Table 3.1 below lists tower shaft characteristics for selected 
studies. The majority had a tower effective height of approximately 9 ft but widely varied in tower 
cross-section area. A review of the dimensions of Cunningham and Thompson’s tower showed 
that the overall shaft height was 22 ft with an effective height of 15 ft and a cross-section area of 
36 ft2. For this study, it was decided to size the tower shaft at approximately a half-scale reduction 
of the Tucson tower with a total height of 10 ft, a tower effective height of 7.5 ft, and a tower 
cross-section area of 9 ft2 feet to the outer edge of the structure. 
 
Table 3.1: Characteristics of Tower Shaft in Selected Studies 
Study 
 
Cross-section 
Area  
(ft2) 
Cross-section 
Shape 
 
Shaft Effective 
Height  
(ft) 
Givoni, 1994 4 Circular 9 
Al-hemiddi, 1995 10 Square 9 
Yajima and Givoni, 1997 4 Square 8 
Chiesa and Grosso, 2015 3 Circular 10 
Chakraborty and Fonseca, 2005 1 Square 6 
Catania Experimental Building, 1997 193 Square 16 
Cunningham and Thompson, 1985 36 Square 15 
 
The characteristics of the tower inlet, located at the upper portion of the tower, used in 
these studies are listed in Table 3.2 below. They varied in their inlet type and in their vertical 
surface area. Cunningham and Thompson's design used a cube shape that was 3 ft high and 6 ft 
in length and width for a total vertical surface area of 72 ft2. Wetted pads were fitted on all four 
vertical surfaces with diagonal baffles on the inside to direct cooled air downwards. A review of 
the 1996 study by Pearlmutter, Erell, and Etzion showed that tower inlet designs they tested were 
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bi-directional with focus on prevailing wind directions in summer and winter. For this study, it was 
decided to go with a cube inlet that is open from all directions and is 3 ft high and 3 ft in length 
and width, for a total vertical surface area of 36 ft2 with diagonal baffles on the inside. The 
proposed inlet area is half the vertical surface area of the Cunningham and Thompson tower inlet 
area rather than a half-scale reduction in proportion. The proposed inlet is identical to that used in 
Al-hemiddi (1995) and Givoni (1994), since their evaporative cooling system was closer to that 
used here. 
 
Table 3.2: Characteristics of Tower Inlet in Selected Studies 
Study 
 
Inlet Area  
(ft2) 
Inlet Type 
 
Givoni, 1994 36 Cube with diagonal baffles 
Al-hemiddi, 1995 36 Cube with diagonal baffles 
Yajima and Givoni, 1997 8 Cube, no diagonal baffles 
Chiesa and Grosso, 2015 3 No inlet on top of the shaft 
Chakraborty and Fonseca, 2005 4 Cube with inverted cone 
Catania Experimental Building, 1997 135 bi-directional with rectangular openings 
Cunningham and Thompson, 1985 72 Cube with diagonal baffles 
 
The characteristics of the outlet, located at the lower portion of the tower, used in the 
studies are listed in Table 3.3 below. Most towers had an outlet surface area nearly identical to its 
cross-section area and had the air exiting the tower discharge sideward rather than downward.  
Cunningham and Thompson's design used side discharge and an outlet surface area identical to 
tower cross-section area, which is what was implemented in this study with an outlet area of 8 ft2. 
The side discharge was designed with a 2 ft extension from the tower shaft to host the air velocity 
sensor. This helped protect it from direct contact with unevaporated water from the misting 
system, protect it from external elements, and measure air velocity after a 90-degree bend.  
The direct evaporative cooling system used in the studies are listed in Table 3.3 below as 
well. They either used shower heads or misting nozzles except for the Tucson tower which used 
wetted pads placed along all four vertical surfaces of the tower inlet. Misting systems are 
considered the most efficient and cost-effective direct evaporative cooling system for passive 
downdraft cooling, considered that operational issues such as nozzles clogging are overcome 
with constant maintenance. In addition, it was critical to use a system that is easy to install, had 
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minimum impact on the structure of the tower, and readily available in the local market. Thus, a 
misting nozzle system was used in lieu of wetted pad system as the latter requires a more 
complex water circulation system and adds additional weight on top of the tower shaft. The 
selected misting system can operate on the pressure from the main water supply so unlike the 
wetted pads system, it does not require a circulation pump. The PDECT designed for this 
experiment is illustrated in Figure 3.1 below, and its relationship with the analyzed towers is 
illustrated in Figure 3.2 below. 
 
Table 3.3: Characteristics of Tower Outlet and Evaporative Cooling System in Selected Studies 
Study 
 
Outlet area  
(ft2) 
Outlet discharge 
direction 
Direct evaporative 
cooling system 
Givoni, 1994 3 Side Shower head 
Al-hemiddi, 1995 3 Side Shower head 
Yajima and Givoni, 1997 4 Side Shower head 
Chiesa and Grosso, 2015 3 down Misting nozzles 
Chakraborty and Fonseca, 2005 1 Side Misting nozzles 
Catania Experimental Building, 1997 155 Side Misting nozzles 
Cunningham and Thompson, 1985 36 Side Wetted pads 
 
  
Figure 3.1: Passive Downdraft Evaporative Cooling Tower Designed for This Experiment 
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Figure 3.2: Section Cut Comparison Between the Tower Built for This Study (in Red Rectangle) 
and Tower Designs Reviewed Above 
 
3.1.2 PHDCT Prototype Design 
Several design iterations were explored for a hybrid tower as an alteration on the design 
developed for the single stage tower. The main intent was to add a second stage cooling system 
so that air entering at the top would be sensibly cooled in stage 1, and then evaporatively cooled 
by the misting nozzle system in stage 2. The first iteration shown in Figure 3.3 below involved 
having an indirect evaporative cooling system on the lower portion of the tower and the second 
iteration shown in Figure 3.4 below involved locating chilled water pipes along the height of the 
tower shaft. In both cases, the inlet is located at the lower portion opposite the outlet rather than 
on top of the tower shaft. Air would flow up the entire shaft height and then down and through the 
tower outlet. To create this flow, it was predicted that evaporative cooling and/or electric fan need 
to be operating at all times. These options involved major modifications to tower geometry by 
changing the cross-section dimensions and relocating the inlet from the top to the bottom 
opposite the outlet, which remained the same as that in the single stage tower.  
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The third and fourth iterations involved having two different designs of a cube shape heat 
exchanger to replace the inlet developed for the PDECT. The heat exchanger in iteration 3 shown 
in Figure 3.5 below was designed on top of the tower shaft with a shading device whereas 
iteration 4 shown in Figure 3.6 below was designed to fit within the tower shaft that extends 
upwards to the top of the exchanger. Supplied air would only be from the top of the tower in this 
iteration. Tower shaft and outlet dimensions remain identical to that of the single stage tower but 
would require building a custom heat exchanger which would have added to the project timeline.  
 
 
Figure 3.3: PHDCT First Iteration 
 
Figure 3.4: PHDCT Second Iteration 
 
Figure 3.5: PHDCT Third Iteration 
 
Figure 3.6: PHDCT Fourth Iteration 
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The fifth iteration involved placing a rectangular heat exchanger available in the local 
market at the top of the tower and parallel to the ground plane as well as designing a shading 
element to protect the exchanger from direct solar radiation. Unlike the PDECT, there is no clear 
inlet vertical surface area. As chilled water flows through the exchanger, the air surrounding it 
drops in temperature, infiltrates through the openings between the exchanger fins, and down the 
tower shaft. This downdraft would further increase by evaporative cooling and/or electric fan 
assistance. Like iterations three and four, the tower cross-section area and outlet remain identical 
to that of the single stage tower. The fifth iteration illustrated in Figure 3.7 below, was the one 
selected to build as it met the requirement of incorporating the sensible cooling prior to the 
evaporative cooling using the exact tower enclosure as well as structure of the single stage 
design, and had a minimum impact on the construction timeline.  
 
 
Figure 3.7: Passive and Hybrid Downdraft Cooling Tower Designed for This Experiment 
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A search for a heat exchanger appropriate for this design was done during the design 
process. Several types of car radiators were considered but surface area was about half of the 
tower cross-section area which left a large gap for uncooled air to pass through. The exchanger 
used for this study was 2.5 inches in depth and 25 inches in length and width which covers 
approximately 90 percent of the tower cross-section area above the evaporative cooling system. 
Its placement in the tower inlet is illustrated in Figure 3.8 below. 
 
Figure 3.8: Detailed View of Heat Exchanger at the Top of the Hybrid Tower 
 
 
3.1.3 Experiment Setup 
Following the design was the construction of the experiment setup. The selected city for 
this study was Tempe, Arizona, which is 1100 ft above sea level and classified as climate zone 
2B. The selected site was Arizona State University Design School Solar Lab, which is located on 
the fourth floor of the School’s north building with access to the roof where several experimental 
evaluations have been conducted in the past. The site coordinates are 33.421478 north latitude 
and 111.937131 west longitude. 
Making the construction out of materials readily available in the local market was 
necessary in case repairs were required. The shaft and outlet for each tower were built as one 
piece from identical materials. The structural frame was made from 25-gauge steel track typically 
OUT 
IN 
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used for drywall construction, which is easy to cut using aviation snips and to connect using 
framing screws. The outer layer was made from 2-inch-thick polyisocyanurate rigid insulation 
panels with reinforced aluminum foil facers on two sides that has a total resistance value of 13 
ft2Fh/Btu. The reason behind selecting this insulation material was to isolate the cooling 
processes taking place inside the towers, to reflect direct solar radiation away from the towers, 
and to utilize the foil as a finish which eliminates the need for an additional layer of construction 
on top of the insulation. The insulation was attached to the structural frame using number 8 self-
drilling screws that are 2.5 inches long. Gaps between rigid insulation panels were filled with 
expandable foam sealant and edges were finished with HVAC foil tape to seal all gaps and 
minimize air infiltration. The towers were mounted onto a structural insulated base made from two 
layers of 1/2-inch-thick plywood with 2-inch-thick polyisocyanurate rigid insulation panel in 
between, and each enclosure was mounted onto the metal grating that covers the roof floor using 
four 3/32-inch wire ropes that each span 11 ft from the tower top corners down to the floor. The 
structural base was covered on the inside with PVC shower pan liner up to 1 ft high, to protect it 
from unevaporated misting water accumulating at the base. 
The inlet for the PDECT was made from 1/2-inch-thick plywood and was mounted on top 
of the steel frame using quarter inch hexagonal bolts and nuts. The inlet for the PHDCT had two 
main components: the heat exchanger and its shading device. To place the heat exchanger on 
top of the shaft of the PHDCT, it was first mounted on framing lumber (2 inches x 3 inches) and 
then placed into joist hangers attached to a wood frame made from larger framing lumber (2 
inches x 8 inches). The frame has a perimeter dimension identical to the perimeter of the tower 
shaft. The shading element for the heat exchanger was made from 1/2-inch-thick plywood and 
was screwed onto the wood frame. Like the single stage tower, this inlet was mounted on top of 
the steel frame using quarter inch hexagonal bolts and nuts.  
The direct evaporative cooling system installed in each tower was identical and was 
supplied from Arctic Cove. This system uses 3/8-inch polyethylene piping and brass misting 
nozzles with a water flow rate of 0.5 gal/h per nozzle as per manufacturer’s specifications. This 
piping was used inside the tower only and was attached to the steel frame using alligator clamps 
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specifically designed for this system. To connect each tower to the main water supply, a 50 ft long 
standard garden hose was used, followed by a two-way valve that directs water towards each 
tower using a 6 ft long standard garden hose which is then connected to the piping inside the 
towers. A water filter specifically made for this system was placed at the main water supply valve 
to prevent solid sediments from clogging the system. Four mister openings were provided at the 
top of each tower directly below the tower inlet. To control the number of misting nozzles in each 
tower; thus, controlling the water flow rate, the nozzles were replaced with brass solid plugs 
specifically designed for this system. This was necessary to test the effect of changing water flow 
rates on conditions at tower outlet.  
The heat exchanger used in the hybrid tower was donated to this project by Emmegi 
Heat Exchangers Inc. located in Phoenix, Arizona. The exchanger has an all-aluminum bar and 
plate construction, which makes it highly robust and resistant to external damage. It is typically 
used as an air/oil cooler but is compatible with water as well (Emmegi Heat-Exchangers, 2017). 
Its inlet was connected to the chilled water available on site using a 50 ft long standard garden 
hose. Water runs through the hose until it reaches the tower and then flows 10 ft up the tower 
height through 3/4-inch, 30 schedule PVC pipe. After absorbing heat from surrounding air, water 
leaves the exchanger through its outlet, down the tower through an identical 3/4-inch PVC 
connected to a 50 ft long standard garden hose, and is recycled back to the system.  
The towers were positioned along the northern end of the roof with the outlet facing 
south. The towers were placed side by side and spaced 6 ft apart so that conditions surrounding 
one inlet would not affect the other. To block wind from entering the towers at the outlet and 
creating a stack effect, a 6 ft high enclosure was built around the towers along the south, east, 
and west. The enclosure was made from a galvanized steel pipe frame that was screwed onto the 
roof floor metal grating using mounting hooks, and covered with a plastic polyethylene tarp tied 
onto the roof floor using polypropylene rope and cable ties. To prevent this enclosure from 
causing any back flow at tower outlet, the steel frame was built 7 ft south of the towers outlets 
and about 2 ft away from the towers along the east and west, making the area of the enclosed 
space approximately 160 ft2. Another wind block made from the same material was placed in the 
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gap between the two towers along the north. A box built from plywood, steel track, and 
polyisocyanurate insulation was made and placed between the two towers to host the data logger 
that was used to record conditions inside the tower and at tower outlet. The box was elevated off 
the roof floor with 1-inch-thick insulation to minimize heat impact from metal grating on the logger.  
 
3.2 Data Acquisition 
Three sets of measurements were required to evaluate tower performance which were 
measurements of ambient conditions, measurements inside tower, and measurements at tower 
outlet. Ambient conditions are identical for both towers, but conditions inside tower and at tower 
outlet are different. For this reason, two sets of data acquisition systems were used in this study, 
one to measure + record ambient conditions and another to measure + record conditions inside 
tower and at tower outlet. 
 
3.2.1 Data Acquisition Systems 
To measure and record ambient conditions, a fully operating weather station, shown in 
Figure 3.9 below, was available on site and was used for this study. This station was completely 
supplied from Onset Computer Corporation and was used by other previous studies. The data 
logger was the HOBO U30 USB Weather Station Data Logger (part no.: U30-NRC) with the 
following five sensors connected to it:  
1. One temperature/RH smart sensor (part no.: S-THB-M002) 
2. One wind direction smart sensor (part no.: S-WDA-M003) 
3. One wind speed smart sensor (part no.: S-WSB-M003) 
4. One barometric pressure smart sensor (part no.: S-BPB-CM50) 
5. One silicon pyranometer smart sensor (part no.: S-LIB-M003) 
HOBOware Software was used to launch and readout data from the logger by connecting 
it to a laptop using a mini-B to A USB cable supplied by onset. All data except for solar radiation 
measured by the silicon pyranometer was used for this study. 
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Figure 3.9: Weather Station Used to Measure Ambient Conditions 
 
To measure and record conditions inside tower and at tower outlet, a customized system 
completely supplied from Onset Computer Corporation was assembled. The HOBO H22 Energy 
Data Logger (part no.: H22-001) shown in Figure 3.10 and 3.11 below was used with the 
following eight sensors connected to it: 
1. Four temperature/RH smart sensors (part no.: S-THB-M008). 
2. One temperature smart sensor (part no.: S-TMB-M006) rated for immersion in water. 
3. Two air velocity analog sensors (part no.: T-DCI-F900-L-P) connected to the data 
logger using two FlexSmart analog modules (part no.: S-FS-CVIA). 
4. One pulse output water flowmeter (part no.: T-MINOL-130-NL) connected to the data 
logger using one mechanical closure pulse input adaptor (part no.: S-UCD-M006). 
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Figure 3.10: Detailed View of Towers Data Logger 
 
 
 
Figure 3.11: Overall View of Towers Data Logger Set in Protective Box 
 
HOBOware Software was used to launch and readout data from the logger by connecting 
it to a laptop using a USB-to-serial adapter supplied by onset (part no.: ADAPT-SER-USB). Onset 
Computer Corporation smart sensors are easy to use as all calibration parameters are stored 
inside the smart sensors, which automatically communicates configuration information to the 
loggers without any programming, calibration, or extensive user setup (Onset Computer 
Corporation, 2007). The sensors that required configuration in HOBOware Software were the air 
velocity and water flowmeter. The air velocity analog sensor was calibrated by the manufacturer 
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and required assigning it to its preconfigured configuration embedded in the software. The pulse 
output water flowmeter was configured so that each pulse represented one US gallon.  
To evaluate the two towers under identical ambient conditions, it was necessary to record 
data while operating their cooling systems simultaneously. For this reason, each tower was 
equipped with two temperature/RH smart sensors, one inside the tower and one at the tower 
outlet, as well as one air velocity analog sensor at tower outlet. The PHDCT was equipped with 
the other two sensors. The pulse output water flowmeter was placed along the heat exchanger 
water supply line to measure water flow through the exchanger. The temperature smart sensor 
was submerged in the heat exchanger water return line to record chilled water temperature 
exiting the tower. This sensor was first used to measure chilled water temperatures entering the 
exchanger and those values were considered constant throughout the data collection period.  
Data was recorded in 30 second logging intervals. This was preferred over longer logging 
intervals as it provided a better understanding of the cooling processes taking place. With longer 
intervals, readings that might be considered an anomaly to what preceded and followed it tend to 
occur more often. The average of every ten recordings was then calculated to obtain 
measurements at five-minute intervals and this is what was used in the data analysis. All data 
processing and analysis was performed using Microsoft Excel.  
 
3.2.2 Preliminary Data Acquisition and Final Experiment Setup 
Preliminary data acquisition was conducted during the hot and dry days between Friday, 
May 26, 2017, and Wednesday, June 7, 2017. This data set was used to evaluate preliminary 
sensor locations and to identify the combinations of operation modes to test for the formal data 
collection. Key findings from this phase were as follows: 
1. The most appropriate location for the temperature/RH smart sensors placed inside 
the towers shafts was in the center of the air stream, also center of tower cross-
section. This was a change from their preliminary location which was along the inner 
north face of the tower shaft not directly in the air stream. This sensor was located 
vertically at the midpoint of the tower effective height. 
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2. The most appropriate location for the temperature/RH smart sensors placed at 
towers outlets was in the center of the tower cross-section and directly below the 
sensors that were inside the towers. This was a change from their preliminary 
location which was at the center of the tower outlet top edge and 1 ft away from the 
outlet south edge as measurements taken at this location were highly affected by 
ambient conditions.  
3. The temperature/RH smart sensors required protection against direct contact with 
unevaporated water from the misting systems as that contact significantly affected 
measurements. To do this, plastic caps slightly larger than the sensors were used 
rather than using a typical solar radiation shield which would have affected airflow 
down the towers. In addition, these caps were painted on both sides with white flat 
latex exterior paint to avoid heat buildup around the smart sensors within the 
enclosure that the newly added caps make.  
4. The most appropriate location for air velocity analog sensors was one foot away from 
tower outlet south edge and in the center of the air stream, also the center of the 
tower outlet vertical cross-section. After analyzing measurements taken by the 
sensor at nine different points at the outlet, it was decided to move them from their 
preliminary location, which was along the center of the tower outlet top edge and 2 ft 
away from tower outlet south edge. In addition, moving them closer to the outside 
was necessary to evaluate air velocity after a 90-degree bend.  
5. The tower outlet required an additional 1.5 ft extension to further protect the sensors 
at the bottom of the towers from the effect of ambient conditions.  
6. Certain operation modes were eliminated from being considered in the formal data 
collection such as running regular water through the heat exchanger as an alternative 
to chilled water. This was not considered as measurements indicated that it had no 
impact on outlet conditions. Another operation mode that was eliminated was running 
chilled water through the heat exchanger without any fan assistance or direct 
evaporative cooling. It was noticed that the cooled air surrounding the heat 
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exchanger could not create enough down flow, causing inconsistency in tower air 
flow and resulting in a stack effect at times during tower operation. 
Photos of the sensors inside towers and at towers outlets are shown in Figures 3.12 to 
3.15 below. Locations of sensors and data logger in final experiment setup is illustrated in Figure 
3.16 below, and overall photo of the experiment setup after applying key findings from preliminary 
data collection is shown in Figure 3.17 below. Refer to Appendix B for more photos of this setup. 
 
 
Figure 3.12: Temperature/RH Sensors Inside 
Towers and at Towers Outlets 
 
 
Figure 3.13: Air velocity Sensor at Towers 
Outlets 
 
Figure 3.14: Hybrid Tower Water Flow Meter 
Placed along Chilled Water Supply 
 
Figure 3.15: Hybrid Tower Water Temperature 
Sensor Placed along Chilled Water Return 
 
 66 
 
 
Figure 3.16: Locations of Data Logger and Sensors for Tower Data Acquisition System 
 
 67 
 
 
 
Figure 3.17: Overall View of the Experiment Setup Taken from Its Southeast Corner 
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3.2.3 Measuring Water Flow through Direct Evaporative Cooling System 
Rather than relying on manufacturer’s specification of water flow rate per mister (0.5 
gal/h), it was decided to measure this rate in the experiment setup. At first, a pulse output water 
flow meter identical to that placed along the heat exchanger water supply line was used and 
placed along the misters water supply line. However, since the lowest flow rate that this meter 
can sense was 0.25 gal/min, it was not able to measure the amount of water flowing to the 
misters. Further investigation suggested the use of an acrylic rotameter supplied from Omega 
(part no.: FL-2021) which can sense flows that range between 0.2 gal/h and 2.0 gal/h.  
 
   
Figure 3.18: Photos of Rotameter Reading with One Mister (Left) and Two Misters (Right) 
 
Water flow was measured in the single stage tower only as both towers used the same 
evaporative cooling system supplied from the same source. Two sets of measurement 
observations were conducted, first when one mister was operating in the tower and a second time 
when two misters were operating. Both, the main water supply valve, and the rotameter valve, 
were set to their fully open position. In the two sets of observations, the float piece was unstable 
at the start of water flow and moved along the entire range of the rotameter, mainly due to the 
fluctuation witnessed in the main water supply. Thus, observations were taken after 
approximately half an hour of cooling system operation, allowing for water supply to stabilize in 
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the garden hoses. From the observations taken, it was noticed that flow rates continued to 
fluctuate, but at a narrower range, between 0.4 gal/h and 0.8 gal/h with one mister, and between 
1.2 gal/h and 1.6 gal/h with two misters. This is higher than the flow rate reported by the 
manufacturer (0.5 gal/h per mister). Based on the results from this experiment, it was decided to 
use an average water flow rate of 0.7 gal/h per mister. Figure 3.18 above shows photos taken of 
the rotameter during flow rate observations. 
 
3.2.4 Operational Modes Tested During Formal Data Acquisition  
After applying the previously mentioned modifications to towers enclosures and sensor 
locations, formal data acquisition started and was conducted for 42 days between Thursday, June 
8, 2017, and Thursday, July 20, 2017. The PDECT and PHDCT were measured using different 
operational modes by changing the water flow rates through the direct evaporative cooling 
system and the heat exchanger. The tested rates for the misting system were one mister (0.7 
gal/h), two misters (1.4 gal/h), and three misters (2.1 gal/h). The tested rates for the heat 
exchanger were approximately 1.0 gal/min, 3.0 gal/min, and 5.0 gal/min. Whenever a fan was 
used in these tests, it was placed at the outlet and remained at a constant speed of approximately 
60 fpm. Refer to Appendix A for daily graphs of measured ambient conditions, conditions inside 
towers, and conditions at towers outlets, of days not shown in Data Analysis below. 
To evaluate outlet conditions obtained from these two systems under hot dry conditions, 
a set of operational modes were tested over 28 days between Thursday, June 8, 2017, and 
Wednesday, July 5, 2017. Each test was conducted during the daytime with cooling systems 
operating mainly between 11:00 am and 7:30 pm. On the days when the heat exchanger was 
operating, all its predefined water flow rates were tested, each over an equal period of time. Each 
operation mode was repeated at least once on a different day to better understand its impact on 
outlet conditions. Figure 3.19 below illustrates the different tested operational modes which were 
as follows: 
1. Evaporative cooling only in both towers. Operated for six days. 
2. Evaporative cooling only with fan assistance in both towers. Operated for six days. 
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3. Sensible cooling only with fan assistance in the PHDCT. Operated for two days. 
4. Evaporative cooling in the PDECT and evaporative + sensible cooling in the PHDCT. 
Operated for six days.  
5. Evaporative cooling in the PDECT and evaporative + sensible cooling in the PHDCT, 
both with fan assistance. Operated for six days.   
6. No cooling in both towers. Operated for two days. 
 
Dates 
 
PDECT PHDCT 
Misters  
operating 
fan Misters  
operating 
fan Heat  
exchanger 
0 1 2 3 on off 0 1 2 3 on off on off 
6/28  6/29 ✓     ✓ ✓     ✓  ✓ 
6/18  6/21  ✓    ✓  ✓    ✓  ✓ 
6/08  6/11   ✓   ✓   ✓   ✓  ✓ 
6/16  6/17    ✓  ✓    ✓  ✓  ✓ 
6/30  7/05  ✓   ✓   ✓   ✓   ✓ 
7/01  7/04   ✓  ✓    ✓  ✓   ✓ 
7/02  7/03    ✓ ✓     ✓ ✓   ✓ 
6/12  6/13           ✓  ✓  
6/14  6/15  ✓    ✓  ✓    ✓ ✓  
6/09  6/10   ✓   ✓   ✓   ✓ ✓  
6/19  6/20    ✓  ✓    ✓  ✓ ✓  
6/22  6/27  ✓   ✓   ✓   ✓  ✓  
6/23  6/26   ✓  ✓    ✓  ✓  ✓  
6/24  6/25    ✓ ✓     ✓ ✓  ✓  
 
Figure 3.19: Combinations of Operational Modes Tested on Hot Dry Days 
 
Following that, a set of operational modes were tested over 9 days between Wednesday, 
July 12, 2017, and Friday, July 21, 2017, with the arrival of the hot humid conditions of the 
monsoon season. The objective of these tests was to understand the potential of cooling from the 
heat exchanger only as it was illogical to add more moisture to already humid air. Cooling 
systems were working during the evenings and overnight as higher levels of humidity were 
measured by ambient air. Operating times were mainly between 8:00 pm and 9:00 am the 
following day. Each one of the three water flow rates through the heat exchanger was tested on a 
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separate day. Instead of repeating each operation mode at least once, these tests were 
performed over a longer period of time. This decision was made due to the fewer highly humid 
days that occurred when compared to the number of hot dry days. Because of this approach, 
running hours from each operation mode were nearly the same in both climate conditions. Figure 
3.20 below illustrates the different tested operational modes which were as follows: 
1. Single stage sensible cooling only with fan assistance in the PHDCT. Operated for 
four days.  
2. Evaporative cooling in the PDECT. The reason behind running the PDECT was to 
confirm that temperature drops achieved by direct evaporative cooling in these 
systems is limited to the wet-bulb temperature. Operated for four days. 
3. Single stage sensible cooling only in the PHDCT. Even though this operational mode 
was excluded during the preliminary data collection, it was revisited during the hot 
humid days as it was noticed from the previous two operational modes that moisture 
content in the air was condensing on the heat exchanger, dropping through the 
tower, and collecting at the base; thus, creating a low velocity air flow down the 
tower. Operated for four days.  
 
Dates 
PDECT PHDCT 
Misters 
operating 
fan Chilled Water 
flow (gal/min) 
fan 
0 1 2 3 on off 1.0 3.0 5.0 on off 
7/15  7/16       ✓   ✓  
7/16  7/17        ✓  ✓  
7/17  7/18         ✓ ✓  
7/14  7/15  ✓    ✓      
7/13  7/14   ✓   ✓      
7/12  7/13    ✓  ✓      
7/18  7/19       ✓    ✓ 
7/19  7/20        ✓   ✓ 
7/20  7/21         ✓  ✓ 
 
Figure 3.20: Combinations of Operational Modes Tested on Hot Humid Days  
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4. DATA ANALYSIS 
This chapter provides an analysis of the measurements recorded from each tower in 
each of the previously mentioned operational modes after processing the collected data to the 
five-minute recording interval. This data was then used to perform the following set of 
calculations. Actual results were compared to the initial assumptions made prior to the start of the 
tests and conclusions were reached on optimum operational modes.  
1. Comfort levels: each observation was evaluated to check if it falls within ASHRAE 
Standard 55 comfort limits which assumes conditions to be comfortable when all the 
following are met: dry-bulb temperatures are between 68°F and 80°F, humidity ratios 
are below 0.013 and air velocities are below 300 fpm. 
2. Evaporative efficiency: which is the percentage of drop in ambient air dry-bulb 
temperature relative to its wet-bulb depression. This was calculated using Equation 
2.1 above using measurements of dry-bulb temperatures at tower inlet and outlet 
taken by smart sensors. Wet-bulb temperatures were calculated using psychrometric 
equations in Chapter 6 of ASHRAE handbook of fundamentals by equating 
hypothetical wet-bulb humidity ratio to actual humidity ratio using simple iterative 
calculation process (American Society of Heating Refrigerating Air-Conditioning 
Engineers, 2009; Pde, 2004). 
3. Cooling capacity: which is the amount of heat gains that can be removed by the 
tower per hour of operation. Total cooling from each observation was calculated first 
using the following equation:   
Equation 4.1: Total Cooling at Five Minute Recording Interval 
 
Q5 min  (Btu) = (Vout × ρ × Cp  × A × ∆T) × 5 
Where:  
Vout = Measured air velocity at tower outlet (ft/min) 
ρ = Air density, equal to 0.067 lb/ft3 
Cp = Air specific heat, equal to 0.24 Btu/lb°F 
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A = Tower cross-section area, equal to 7.28 ft2 (taken to the center of the structure)   
∆T = Measured air dry-bulb temperature at tower inlet (°F) subtracted from 
measured air dry-bulb temperature at tower outlet (°F) 
Cooling capacity was then calculated by dividing the sum of total cooling achieved 
each day of operation by the total hours of operation. 
Equation 4.2: Cooling Capacity Using Total Cooling at Five Minute Recording Interval 
 
Q̇ (Btu/h) = 
∑ Q 5 min
H
 
Where: 
H = Hours of operation 
4. Total source water consumption by electric powered AC was calculated in two steps. 
In the first, the total amount of energy required by AC at the end-use to provide the 
identical amount of cooling provided by the towers on a specific day was calculated 
using the following equation: 
Equation 4.3: Source Water Consumption 
 
QAC (kWh)  = 
∑ Q 5 min (Btu)
COPAC ×  3412 Btu kWh⁄  
 
Where:  
COPAC = Coefficient of performance of electric powered AC, given a value of 4.0. 
This is higher than the U.S Department of Energy residential central air conditioner 
standard which requires a COP of approximately 3.5 for the U.S. Southwest (U.S. 
Department of Energy, 2015). 
The total water evaporated at source per kWh of electricity consumed by AC on site 
was then calculated by multiplying total energy consumption by 2.0 gal/kWh, which is 
the U.S. weighted total of evaporated water per kWh of electricity consumed at the 
end-use (P. A. Torcellini et al., 2004). Like the previous studies done on the topic, no 
site water consumption was assumed in this case. 
5. Total site water consumption by towers evaporative cooling system during hours of 
operation was calculated by multiplying 0.7 gal/h, which is the water consumption per 
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mister, to the number of misters and to the total hours of operation. No source water 
consumption was assumed even when the fans at tower outlet was operating. During 
the fan’s longest continuous operation in these experiments (12 hours), it consumed 
approximately 0.5 kWh, resulting in only 1.0 gallon of source water consumption. 
 
4.1 Data Acquired During Hot Dry Days 
This set of data was collected between June 8, and July 5, 2017, where ambient air dry-
bulb temperatures during hours of operation ranged between a low of 86.8°F with 11.0 percent 
coincident relative humidity and a high of 123.4°F with 7.8 percent coincident relative humidity. 
This was the highest temperature recorded throughout the entire data collection process. Wet-
bulb temperatures ranged between 56.59°F and 75.54°F, and wind speeds ranged between 0.00 
fpm and 1120.15 fpm. Initial assumptions were that the PDECT would record higher levels of 
performance when evaporative cooling is the only system operating in both towers. PHDCT 
would record higher levels of performance when the second stage of sensible cooling is operating 
concurrently with evaporative cooling. Adding a fan would equally increase air velocity at towers 
outlets causing an equal impact on performance in both towers. Finally, water consumed by 
PHDCT and PDECT would be less than water consumed by electric powered AC to achieve the 
same amount of cooling achieved by the towers. 
 
4.1.1 Evaporative Cooling Only in Both Towers  
This set of experiments was conducted over a period of six days between June 08, and 
June 21, 2017. Ambient air dry-bulb temperatures recorded during hours of operation ranged 
between 90.8°F with 13.6 percent coincident relative humidity and 117.7 °F with 11.1 percent 
coincident relative humidity. Furthermore, wind speeds reached a high of 1050.6 fpm. Table 4.1 
below provides further details on ambient conditions recorded while cooling systems were 
operating. 
Example daily graphs from June 16, 2017, of conditions inside towers and at towers 
outlets during hours of operation when both towers were using three misters are shown in Figure 
 75 
 
4.1 below. On this day, towers cooling was shut off for one hour between 2:00 pm and 3:00 pm to 
understand the time required for the temperatures to rise again inside towers. It was noticed that 
temperatures steeply rose for approximately 30 minutes in the single stage tower and for 
approximately 45 minutes in the hybrid tower before starting to level out. When evaporative 
cooling was turned on again after 3:00 pm, it took both towers nearly 15 to 20 minutes for 
temperatures to return to their maximum drop. A pattern noticed in both towers as well was that 
air velocity had an inverse correlation with temperature and relative humidity. As air velocities 
increased, temperature drops and relative humidity percentages decreased. Another important 
note was that dry-bulb temperatures measured inside towers were only 2°F to 3°F higher than 
temperatures measured at towers outlets, meaning that most of the cooling happens in the upper 
portion of the tower effective height and before reaching the sensor inside the shaft. A pattern 
specific to the single stage tower was the direct correlation between outlet air velocities and wind 
speeds. As the latter increased, the former increased as well.  
 
Table 4.1: Ambient Conditions Recorded During Cooling Systems Operation 
Misters 
Operating Dates 
 
Ambient  
DBT high  
(°F) 
Coincident  
RH  
(%) 
Ambient  
DBT low  
(°F) 
Coincident  
RH  
(%) 
Wind speed 
high 
(fpm) 
Wind speed 
low  
(fpm) 
1 6/18/2017 112.71 6.83 105.32 11.11 847.62 54.56 
 6/21/2017 117.74 11.12 109.60 11.17 1040.78 49.63 
2 6/08/2017 105.71 8.75 97.03 13.43 946.53 178.99 
 6/11/2017 101.11 13.67 90.87 13.62 1050.63 297.44 
3 6/16/2017 111.29 4.93 100.98 4.76 892.14 34.67 
 6/17/2017 110.64 7.39 102.25 6.90 876.74 84.30 
 
Conditions at towers outlets from all days of operation were compared and are illustrated 
in Figure 4.2 below. With the increase in evaporative cooling water flow rates, the PHDCT 
consistently recorded higher average temperature drops (∆T) at a delta of approximately 7°F, 
higher average relative humidity percentages at a delta of approximately 30 percent, and lower 
average air velocities at a delta of approximately 100 fpm, when compared to the PDECT. Unlike 
the open design of the single stage tower inlet, the design of the hybrid tower inlet required 
ambient air to pass through the heat exchanger which covers approximately 90 percent of the 
tower cross-section area at the top of the shaft. The lower velocities in the hybrid tower resulted 
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in longer time of contact between air and water inside the tower prior to reaching the outlet; 
hence, the increased temperature drops and relative humidity percentages. 
 
 
Figure 4.1: Conditions Inside Towers and at Towers Outlets During Operation on June 16, 2017 
 
Dry-bulb temperatures recorded at towers outlets were plotted on the psychrometric chart 
with the overlaid comfort zone and are shown in Figure 4.3 below. A wider range of outlet dry-
bulb temperatures was noticed using one mister when compared to three misters. This was 
clearly observed in the hybrid tower where temperatures at outlet ranged 16.7°F (between 85.1°F 
and 101.8°F) on June 21 when one mister was operating vs. a narrower range of 4.5°F (between 
65.2°F and 69.7°F) on June 16 when three misters were operating. 
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Figure 4.2: Comparison of Conditions at Towers Outlets from All Days of Operation 
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Figure 4.3: DBT at Towers Outlets Plotted on the Psychrometric Chart 
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ASHRAE Standard 55 comfort requirements were rarely met during the operation of one 
mister. On the first day of operating at this rate, 10 percent of outlet conditions from the single 
stage tower and 58 percent from the hybrid tower were within comfort limits as ambient air dry-
bulb temperatures reached a high of 112.7°F. On the second day of operating at this rate, all 
measurements at both towers outlets were above the comfort zone higher temperature limit as 
ambient air dry-bulb temperatures reached a high of 117.7°F. The low water flow rate was unable 
to consistently create comfortable conditions during hours of operation which improved with the 
higher flow rates. Over the two days of operating at three misters, 100 percent of outlet conditions 
recorded in the single stage tower fell in the comfort zone, compared to only 24 percent in the 
hybrid tower, mainly due to temperatures dropping below the comfort zone lower limit. Refer to 
Table 4.2 below for further details from all days of operation.  
 
Table 4.2: Percentage Hours of Operation That Met Comfort Requirements 
Misters 
Operating 
 
Dates 
 
Hours  
operated 
 
Tower  
type 
 
Comfort  
met  
(%) 
Outlet 
DBT< 68°F  
(%) 
Outlet 
DBT > 80°F  
(%) 
Humidity 
Ratio > 0.013 
(%) 
Outlet 
Velocity > 
300 fpm (%) 
1  6/18/2017 7.08 PDEC 10.59 0.00  89.41  0.00 0.00 
     PHDC 58.82 0.00  41.18  0.00 0.00 
  6/21/2017 7.25 PDEC 0.00 0.00  100.00  0.00 1.15 
    PHDC 0.00 0.00  100.00  0.00 0.00 
2 6/08/2017 5.17 PDEC 93.55 0.00  6.45  0.00 0.00 
     PHDC 56.45 43.55  0.00  0.00 0.00 
  6/11/2017 7.25 PDEC 87.36 0.00  4.60  0.00 9.20 
     PHDC 39.08 60.92  0.00  0.00 0.00 
3  6/16/2017 7.08 PDEC 100.00 0.00  0.00  0.00 0.00 
     PHDC 12.94 87.06  0.00  0.00 0.00 
  6/17/2017 7.08 PDEC 100.00 0.00  0.00  0.00 0.00 
     PHDC 35.29 64.71  0.00  0.00 0.00 
 
Evaporative efficiencies continued to increase in the single stage tower with the increase 
from two to three misters by approximately 10 percent reaching an average efficiency of 75 
percent. The hybrid tower witnessed its largest increase in average efficiency, approximately 38 
percent, with the increase of water flow from one to two misters. It reached its highest average 
efficiency of 90 percent at two misters and maintained it with three misters. The higher 
temperature drops in the hybrid tower created average efficiencies approximately 15 percent 
higher than the highest average efficiency calculated in the single stage tower.   
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At each increase in evaporative cooling water flow rate, total cooling achieved by the 
single stage tower continued to increase over total cooling achieved by the hybrid tower. Results 
from the two days of tower operation at one mister resulted in average cooling from the single 
stage tower that was approximately 63 kBtu higher than average cooling from the hybrid tower. 
This delta nearly doubled during the days of operation at three misters with average cooling in the 
single stage tower reaching 130 kBtu higher than average cooling from the hybrid tower. In 
addition, the highest cooling capacities were calculated at this water flow rate with an average 
capacity of 3.9 tons from the single stage tower and 2.3 tons from the hybrid tower.  
In all evaporative cooling water flow rates, towers site water consumption during hours of 
operation was consistently lower than source water consumption required by a residential scale 
AC unit to achieve the same amount of cooling delivered by the towers. AC would consume at 
least 2 times more water than what the towers consumed. Calculations from the single stage 
tower on June 17 with all outlet conditions falling within the comfort zone show that its site water 
consumption, approximately 14.9 gallons, was nearly 3.5 times lower than source water 
consumption required by electric powered AC to meet the cooling produced by the tower on that 
day. Refer to Table 4.3 below for further details from all days of operation.  
 
Table 4.3: Efficiency, Cooling, and Water Calculations During Hours of Operation 
Misters 
Operating 
 
Dates 
 
Hours 
operated 
 
Tower  
type 
 
Evaporative 
efficiency  
(%) 
Total  
cooling  
(Btu) 
Cooling 
capacity 
(tons) 
AC  
electric 
(kWh) 
AC  
water 
(gal) 
Tower 
water 
(gal) 
1 6/18/2017 7.08 PDEC 50 189499 2.23 13.88 27.77 4.96 
      PHDC 71 138659 1.63 10.16 20.32 4.96 
  6/21/2017 7.25 PDEC 37 177595 2.04 13.01 26.03 5.08 
      PHDC 48 102388 1.18 7.50 15.00 5.08 
2 6/8/2017 5.17 PDEC 70 172399 2.78 12.63 25.26 7.23 
      PHDC 89 116147 1.87 8.51 17.02 7.23 
  6/11/2017 7.25 PDEC 64 243151 2.79 17.82 35.63 10.15 
      PHDC 89 138318 1.59 10.13 20.27 10.15 
3 6/16/2017 7.08 PDEC 77 313213 3.68 22.95 45.90 14.88 
      PHDC 91 200630 2.36 14.70 29.40 14.88 
  6/17/2017 7.08 PDEC 76 349409 4.11 25.60 51.20 14.88 
      PHDC 92 202631 2.38 14.85 29.69 14.88 
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4.1.2 Evaporative Cooling Only with Fan Assistance in Both Towers 
This set of experiments was conducted over a period of six days between June 30, and 
July 05, 2017. Ambient air dry-bulb temperatures ranged between 99.1°F with 11.4 percent 
coincident relative humidity and 113.4°F with 6.9 percent coincident relative humidity, and wind 
speeds reached a high of 1055.3 fpm. Table 4.4 below provides further details on ambient 
conditions recorded while cooling systems were operating.  
 
Table 4.4: Ambient Conditions Recorded During Cooling Systems Operation 
Misters 
Operating 
 
Dates 
 
Ambient  
DBT high  
(°F) 
Coincident  
RH  
(%) 
Ambient  
DBT low  
(°F) 
Coincident  
RH  
(%) 
Wind speed 
high 
(fpm) 
Wind speed 
low  
(fpm) 
1 6/30/2017 113.16 7.06 99.14 11.42 411.22 0.00 
 7/5/2017 112.97 13.90 107.35 17.69 981.20 228.10 
2 7/1/2017 113.42 6.92 103.72 6.68 1055.38 89.06 
 7/4/2017 111.82 13.39 106.73 13.10 991.14 168.61 
3 7/2/2017 112.97 10.74 102.08 17.43 847.18 89.23 
 7/3/2017 107.68 19.19 101.44 22.66 936.58 158.58 
 
Example daily graphs from July 02, 2017, of conditions inside towers and at towers 
outlets during hours of operation when both towers were set to three misters and fans were 
operating are shown in Figure 4.4 below. Like the previous operation mode, dry-bulb 
temperatures measured inside towers remained at 2°F to 3°F higher than temperatures 
measured at towers outlets despite adding the fan, meaning that most of the cooling continued to 
happen in the upper portion of the tower effective height.  
When comparing conditions at towers outlets from all days of operation, similar patterns 
found in the previous operation mode were found here as illustrated in Figure 4.5 below. With the 
increase in evaporative cooling water flow rates, the PHDCT consistently recorded higher 
average temperature drops (∆T) at a delta of approximately 3°F, higher average relative humidity 
percentages at a delta of approximately 15 percent, and lower average air velocities at a delta of 
approximately 60 fpm, when compared to the PDECT. 
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Figure 4.4: Conditions Inside Towers and at Towers Outlets During Operation on July 02, 2017 
 
Operating the fan concurrently with three misters in the PHDCT created a 7°F decrease 
in average temperature drops from 40°F without the fan to 33°F with the fan, a 70 fpm increase in 
average air velocities, and a slight decrease in average relative humidity percentages. With the 
significant increase in air velocities at outlet came the downside of lower temperature drops 
because of shorter time of contact between air and water inside the tower. Operating the fan in 
the PDECT at this same water flow rate led to a decrease in average temperature drops by 5°F 
from 33°F without the fan to 28°F with the fan, an increase in average air velocities by 25 fpm, 
and an increase in average relative humidity percentages by 15 percent. 
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Figure 4.5: Comparison of Conditions at Towers Outlets from All Days of Operation 
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The smaller increase in air velocity in the single stage tower compared to the hybrid 
tower can be attributed to the direct correlation between its outlet air velocities and ambient wind 
speeds caused by its inlet design which already allows for larger volumes of air at higher speeds 
to enter the tower compared to the reduced inlet size of the hybrid tower caused by incorporating 
the heat exchanger. In both towers, optimum drops were reached with two misters, at 
approximately 28°F in the single stage tower and 33°F in the hybrid tower, and no significant 
increase was witnessed when three misters were used.  
Figure 4.6 below illustrates dry-bulb temperatures that were recorded at towers outlets 
plotted on the psychrometric chart. Unlike the previous operation mode, adding the fan helped 
maintain outlet temperatures at narrower ranges in all evaporative cooling water flow rates, 
including the low flow of one mister. For example, outlet temperatures from the hybrid tower 
ranged 7.5°F (between 78.1°F and 85.6°F) on June 30 when one mister was used compared to 
the wider range of 16.7°F recorded on June 21 for the same water flow without a fan. 
Furthermore, temperature ranges in each tower slightly decreased with each increase in water 
flow rate. As an example, single stage tower outlet temperatures ranged 13.8°F with one mister 
and 4.6°F with three misters. 
Like the previous operation mode, evaporative cooling using one mister was unable to 
maintain outlet conditions within ASHRAE Standard 55 comfort limits despite adding the fan. The 
highest percentage of hours that met comfort requirements at this flow rate was recorded in the 
hybrid tower on June 30, and reached 25 percent. The impact of the fan on hybrid tower outlet 
conditions was clear during the two and three mister water flow as it helped maintain conditions 
within comfort limits 75 percent of the time. July 03, 2017 was the only day that this tower was 
unable to maintain conditions within comfort limits due to slightly high humidity ratios. Adding the 
fan to the single stage tower resulted in maintaining conditions within comfort limits only with 
three misters and hardly achieved comfort with two misters. The slight increase in air velocity 
caused by adding the fan lead to cooled air leaving the tower faster and in raising outlet 
temperatures above the comfort zone upper limit. Refer to Table 4.5 below for further details from 
all days of operation.  
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Figure 4.6: DBT at Towers Outlets Plotted on the Psychrometric Chart 
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Table 4.5: Percentage Hours of Operation That Met Comfort Requirements 
Misters 
Operating 
 
Dates 
 
Hours  
operated 
 
Tower  
type 
 
Comfort  
met  
(%) 
Outlet 
DBT< 68°F  
(%) 
Outlet 
DBT > 80°F  
(%) 
Humidity 
Ratio > 0.013 
(%) 
Outlet 
Velocity > 
300 fpm (%) 
1  6/30/2017 7.33 PDEC 5.68 0.00 94.32  0.00 0.00   
    PHDC 25.00 0.00 75.00   0.00 0.00   
  7/5/2017 6.00 PDEC 0.00 0.00 100.00   0.00 11.11   
    PHDC 0.00 0.00 100.00   0.00 0.00   
2  7/1/2017 7.25 PDEC 42.53 0.00 57.47   0.00 0.00   
    PHDC 100.00 0.00 0.00   0.00 0.00   
  7/4/2017 5.92 PDEC 0.00 0.00 100.00   0.00 2.82   
    PHDC 100.00 0.00 0.00   0.00 0.00   
3  7/2/2017 7.25 PDEC 100.00 0.00 0.00   0.00 0.00   
    PHDC 100.00 0.00 0.00   0.00 0.00   
  7/3/2017 7.25 PDEC 79.31 0.00 19.54   1.15 1.15   
    PHDC 1.15 0.00 0.00   98.85 0.00   
 
Evaporative efficiencies were maintained in the low eighties in the single stage tower and 
the low nineties in the hybrid tower when three misters were operating. The higher temperature 
drops in the hybrid tower created average efficiencies approximately 10 percent higher than the 
highest calculated in the single stage tower. Average efficiencies in the single stage tower 
continued to increase by 16 percent with each change in water flow rate whereas the largest 
increase in average efficiency in the hybrid tower at approximately 30 percent, was witnessed 
when water flow increased from one to two misters. It then increased an additional 10 percent 
when an additional mister was added.  
Adding the fan helped increase total cooling achieved by the hybrid tower and brought it 
closer to total cooling achieved by the single stage tower. Results from the two days of tower 
operation using three misters showed that average cooling from the single stage tower was 
approximately 48 kBtu higher than average cooling from the hybrid tower. This delta is nearly 
three times lower than that calculated at the same water flow rate but without the fan. As 
expected, the highest cooling capacities were calculated at three misters with an average 
capacity of 3.8 tons from the single stage tower and 3.2 tons from the hybrid tower. Adding the 
fan in the hybrid tower resulted in an additional 1 ton of cooling with humidity ratios slightly above 
the comfort limit. Adding the fan in the single stage tower slightly reduced its cooling capacity as 
temperature drops were lower. 
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Table 4.6: Efficiency, Cooling, and Water Calculations During Hours of Operation 
Misters 
Operating 
 
Dates 
 
Hours 
operated 
 
Tower  
type 
 
Evaporative 
efficiency  
(%) 
Total  
cooling  
(Btu) 
Cooling 
capacity 
(tons) 
AC  
electric 
(kWh) 
AC  
water 
(gal) 
Tower 
water 
(gal) 
1 6/30/2017 7.33 PDEC 54 228604 2.60 16.75 33.50 5.13 
   PHDC 61 205964 2.34 15.09 30.18 5.13 
 7/5/2017 6.00 PDEC 40 167397 2.32 12.27 24.53 4.20 
   PHDC 43 118898 1.65 8.71 17.42 4.20 
2 7/1/2017 7.25 PDEC 68 317087 3.64 23.23 46.47 10.15 
   PHDC 82 299292 3.44 21.93 43.86 10.15 
 7/4/2017 5.92 PDEC 62 251923 3.55 18.46 36.92 8.28 
   PHDC 86 237256 3.34 17.38 34.77 8.28 
3 7/2/2017 7.25 PDEC 81 355265 4.08 26.03 52.06 15.23 
   PHDC 91 315797 3.63 23.14 46.28 15.23 
 7/3/2017 7.25 PDEC 82 302335 3.48 22.15 44.30 15.23 
   PHDC 93 244478 2.81 17.91 35.83 15.23 
 
Like the previous operation mode, towers site water consumption during hours of 
operation was consistently lower than source water consumption required by a residential scale 
AC unit to achieve the same amount of cooling delivered by the towers. AC would consume at 
least 2 times more water than what the towers consumed. Calculations from the hybrid tower on 
July 2, with all outlet conditions falling within the comfort zone, show that its site water 
consumption, approximately 15.2 gallons, was nearly 3 times lower than source water 
consumption required by electric powered AC to meet the cooling produced by the tower on that 
day. Refer to Table 4.6 above for further details from all days of operation.  
 
4.1.3 Sensible Cooling Only with Fan Assistance in PHDCT 
This set of experiments was conducted over a period of two days on June 12, and June 
13, 2017. The highest ambient air dry-bulb temperature was recorded on June 13 at 100.8°F with 
4.3 percent coincident relative humidity. Table 4.7 below provides further details on ambient 
conditions recorded while cooling systems were operating. 
 
Table 4.7: Ambient Conditions Recorded During Cooling Systems Operation 
Misters 
Operating 
 
Dates 
 
Ambient  
DBT high  
(°F) 
Coincident  
RH  
(%) 
Ambient  
DBT low  
(°F) 
Coincident  
RH  
(%) 
Wind speed 
high 
(fpm) 
Wind speed 
low  
(fpm) 
0 6/12/2017 96.15 16.77 86.85 11.00 1120.15 59.31 
 6/13/2017 100.80 4.36 90.18 7.39 649.79 34.67 
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Daily graphs of conditions inside hybrid tower and at tower outlet from the two days of 
operation are shown in Figure 4.7 below. Chilled water and fan were started together, beginning 
with a low flow of approximately 1.0 gal/min, followed by 3.0 gal/min, and ending with 5.0 gal/min. 
Each flow rate ran through the exchanger for two hours and thirty minutes. The chilled water and 
fan were shut off together. Unlike what was expected, dry-bulb temperatures measured inside 
towers continued to remain at proximity to those measured at towers outlets, about 2°F to 3°F 
higher. Shutting off evaporative cooling had no effect on this delta and both temperatures were 
nearly identical on June 13, 2017.  
 
 
 
Figure 4.7: Daily Graphs During Operation on June 12 (above), and June 13 (below), 2017 
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The change in tower performance caused by shutting off evaporative cooling was 
significant and is illustrated in Figure 4.8 below. Average temperature drops (∆T) were 12.5°F, 
average relative humidity percentages were 12 percent, and average air velocities were 130 fpm. 
Only a slight change to ambient relative humidity percentages was witnessed as no moisture was 
being added to the air. The fan helped create air flow down the tower shaft, but at lower speeds 
compared to the previous operation mode. Running the tower without evaporative cooling 
decreased average air velocities by approximately 40 fpm.  
 
 
Figure 4.8: Conditions at Hybrid Tower Outlet from All Days of Operation 
 
The relationship between change in chilled water flow through the heat exchanger and 
tower outlet conditions are illustrated in Figure 4.9 below. As water flow increased, average 
temperature drops decreased by 5°F, average relative humidity percentages slightly decreased, 
and average air velocities remained nearly identical. Low water flow at approximately 1.0 gal/min 
is optimum in this operation mode and requires less pump power to circulate chilled water in a 
closed loop system. It is important to note that the maximum flow through the exchanger was 
operated last, when ambient conditions were in decline, meaning that the variation in outlet 
conditions compared with other water flows might be less if operated earlier in the day.  
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Figure 4.9: Change in Outlet Conditions with Change in Heat Exchanger Water Flow 
 
 
 
Figure 4.10: DBT at PDECT Outlet Plotted on the Psychrometric Chart 
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Dry-bulb temperatures recorded at tower outlet were plotted on the psychrometric chart 
and are shown in Figure 4.10 above. Over the two days of operation, dry-bulb temperatures at 
tower outlet ranged 7.8°F (between 78.3°F and 86.1°F). The heat exchanger with the fan were 
unable to create enough downflow and temperature drops required to maintain outlet conditions 
within ASHRAE Standard 55 comfort limits. Only 12 percent of all operating hours met comfort 
requirements. Refer to Table 4.8 below for further details.  
 
Table 4.8: Percentage Hours of Operation That Met Comfort Requirements 
Misters 
Operating 
 
Dates 
 
Hours  
operated 
 
Tower  
type 
 
Comfort  
met  
(%) 
Outlet 
DBT< 68°F  
(%) 
Outlet 
DBT > 80°F  
(%) 
Humidity 
Ratio > 0.013 
(%) 
Outlet 
Velocity > 
300 fpm (%) 
0 6/12/2017 7.25 PDEC No data reported 
   PHDC 14.94 0.00 85.06 0.00 0.00 
 6/13/2017 7.25 PDEC No data reported 
   PHDC 9.20 0.00 90.80 0.00 0.00 
 
In addition, operating the tower in this mode resulted in average cooling of approximately 
82 kBtu and an average cooling capacity of approximately 1.0 ton. This is a reduction of 2.2 tons 
when compared to results from operating the hybrid tower in evaporative cooling mode with fan 
assistance. Average source water consumption required by a residential scale AC unit to deliver 
the same amount of average cooling delivered by the hybrid tower was approximately 12 gallons 
vs. no site water consumption by the tower assuming a closed loop system. Refer to Table 4.9 
below for further details. 
 
Table 4.9: Efficiency, Cooling, and Water Calculations During Hours of Operation 
Misters 
Operating 
 
Dates 
 
Hours 
operated 
 
Tower  
type 
 
Evaporative 
efficiency  
(%) 
Total  
cooling  
(Btu) 
Cooling 
capacity 
(tons) 
AC  
electric 
(kWh) 
AC  
water 
(gal) 
Tower 
water 
(gal) 
0 6/12/2017 7.25 PDEC No data reported 
   PHDC N/A 65113 0.75 4.77 9.54 0.00 
 6/13/2017 7.25 PDEC No data reported 
   PHDC N/A 99082 1.14 7.26 14.52 0.00 
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4.1.4 Evaporative Cooling in PDECT and Evaporative + Sensible Cooling in PHDCT 
This set of experiments was conducted over a period of six days between June 09, and 
June 20, 2017. Ambient air dry-bulb temperatures recorded during hours of operation ranged 
between 97.6°F with 13.1 percent coincident relative humidity and 123.4°F with 7.8 percent 
coincident relative humidity which was recorded on June 20, 2017, and was the highest ambient 
dry-bulb temperature measured throughout the entire data collection process. Table 4.10 below 
provides further details on ambient conditions recorded while cooling systems were operating. 
 
Table 4.10: Ambient Conditions Recorded During Cooling Systems Operation 
Misters 
Operating 
 
Dates 
 
Ambient  
DBT high  
(°F) 
Coincident  
RH  
(%) 
Ambient  
DBT low  
(°F) 
Coincident  
RH  
(%) 
Wind speed 
high 
(fpm) 
Wind speed 
low  
(fpm) 
1 6/14/2017 106.64 3.67 98.78 4.49 683.50 84.30 
 6/15/2017 109.92 3.29 99.99 5.04 545.78 64.42 
2 6/09/2017 108.80 10.59 100.77 12.16 996.16 44.53 
 6/10/2017 104.18 11.35 97.65 13.18 684.02 64.24 
3 6/19/2017 118.56 7.95 109.59 9.86 906.93 34.50 
 6/20/2017 123.41 7.88 111.20 10.93 575.17 0.00 
 
Example daily graphs of conditions inside towers and at towers outlets during hours of 
operation from June 20 are shown in Figure 4.11 below. Evaporative cooling was set at three 
misters and was operated for the first hour prior to operating the chilled water through the heat 
exchanger, starting with the low flow of approximately 1.0 gal/min, followed by 3.0 gal/min, and 
ending with 5.0 gal/min. Each flow rate ran through the exchanger for two hours and thirty 
minutes. The chilled water was shut off first followed by evaporative cooling after thirty minutes. In 
both towers, temperatures measured inside continued to be only 2°F to 3°F higher than 
temperatures measured at towers outlets. Declines in dry-bulb temperatures inside the hybrid 
tower and at tower outlet after operating the heat exchanger were obvious as it further decreased 
by 5°F to 7°F and dropped below the ambient air wet-bulb temperatures. This means that the air 
became fully saturated and continued to cool beyond the ambient air wet-bulb temperature, which 
is a proper indication of two-stage cooling. 
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Figure 4.11: Conditions Inside Towers and at Towers Outlets During Operation on June 20, 2017 
 
Conditions at towers outlets from all days of operation were compared and are illustrated 
in Figure 4.12 below. With the increase in evaporative cooling water flow rates, the PHDCT 
consistently recorded higher average temperature drops (∆T) at a delta of approximately 12°F, 
higher average relative humidity percentages at a delta of approximately 25 percent, and lower 
average air velocities at a delta of approximately 60 fpm, when compared to the PDECT. A 
significant average temperature drop of 50°F was recorded when operating the heat exchanger 
coupled with evaporative cooling set at three misters. This was a 10°F increase over average 
temperature drops previously achieved by the hybrid tower using evaporative cooling only.  
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Figure 4.12: Comparison of Conditions at Towers Outlets from All Days of Operation 
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Maintaining evaporative cooling water flow constant and varying chilled water flow 
through the heat exchanger did not have any significant impact on hybrid tower outlet conditions 
as illustrated in Figure 4.13 below. As chilled water flow increased, average temperature drops 
decreased by 4°F, and average relative humidity percentages as well as average air velocities 
remained nearly unchanged. Running chilled water through the exchanger at 1.0 gal/min coupled 
with evaporative cooling using three misters is optimum in this operation mode and requires less 
pump power to circulate chilled water in a closed loop system. An important note is that maximum 
flow through the exchanger was operated last when ambient conditions were in decline. 
After plotting dry-bulb temperatures recorded at towers outlets on the psychrometric 
chart, it was noticed that operating the heat exchanger in the hybrid tower helped maintain outlet 
temperatures at narrow ranges in all evaporative cooling water flow rates, in the same way 
operating the fan did, as shown in Figure 4.14 below. With one mister operating, temperatures 
ranged 5.2°F (between 64.8°F and 70.0°F) on June 15, and 3.2°F (between 66.0°F and 69.2°F) 
on June 20, when three misters were operating. The single stage tower outlet dry-bulb 
temperatures were at a narrower range using one mister and at a wider range using three misters 
when compared to previous daily operations of these flow rates, mainly due to variations in 
ambient wind speeds which had an inverse correlation with temperature drops.  
ASHRAE Standard 55 comfort requirements were rarely met by the hybrid tower in all 
evaporative cooling water flow rates as outlet temperatures dropped below the comfort zone 
lower limits. This occurred on June 14 and 15, when water flow rate was set at one mister as well 
as on June 19 and 20, when water flow rate was set at 3 misters as record breaking ambient 
conditions were measured. Results for the single stage tower operating three misters were 
affected by these unordinary conditions, as only 45 percent of the measurements met comfort 
requirements with outlet conditions falling above the comfort zone upper limits. One unique 
incident was conditions measured from this tower on June 15, where comfort requirements were 
met 100 percent of the time even though one mister was operating. It is important to note that the 
performance obtained from the single stage tower at low water flow rates lack consistency and is 
highly responsive to ambient conditions.  Refer to Table 4.11 below for further details. 
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Figure 4.13: Change in Outlet Conditions with Change in Heat Exchanger Water Flow 
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Figure 4.14: DBT at Towers Outlets Plotted on the Psychrometric Chart 
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Table 4.11: Percentage Hours of Operation That Met Comfort Requirements 
Misters 
Operating 
 
Dates 
 
Hours  
operated 
 
Tower  
type 
 
Comfort  
met  
(%) 
Outlet 
DBT< 68°F  
(%) 
Outlet 
DBT > 80°F  
(%) 
Humidity 
Ratio > 0.013 
(%) 
Outlet 
Velocity > 
300 fpm (%) 
1  6/14/2017 6.08 PDEC 58.90 0.00 41.10 0.00   0.00   
    PHDC 1.37 98.63 0.00 0.00   0.00   
  6/15/2017 7.42 PDEC 100.00 0.00 0.00 0.00   0.00   
    PHDC 20.22 79.78 0.00 0.00   0.00   
2  6/9/2017 6.00 PDEC 93.06 0.00 6.94 0.00   0.00   
    PHDC 8.33 91.67 0.00 0.00   0.00   
  6/10/2017 6.00 PDEC 100.00 0.00 0.00 0.00   0.00   
    PHDC 0.00 100.00 0.00 0.00   0.00   
3  6/19/2017 7.42 PDEC 39.33 0.00 60.67 0.00   0.00   
    PHDC 23.60 76.40 0.00 0.00   0.00   
  6/20/2017 7.42 PDEC 51.69 0.00 48.31 0.00   0.00 
    PHDC 13.48 86.52 0.00 0.00   0.00   
 
Operating the heat exchanger helped increase total cooling achieved by the hybrid tower 
and brought it closer to total cooling achieved by the single stage tower. Results from the two 
days of tower operating at three misters showed that average cooling from the single stage tower 
was approximately 42 kBtu higher than average cooling from the hybrid tower. This delta is nearly 
identical to that calculated at the same evaporative cooling water flow rate, but when operating 
the hybrid tower with a fan in lieu of the exchanger. As expected, the highest cooling capacities 
were calculated when three misters were operating with an average capacity of 3.4 tons from the 
hybrid tower and 4.0 tons from the single stage tower. Operating the heat exchanger with 
evaporative cooling generated a cooling capacity which was approximately the same as that 
generated when operating the fan with evaporative cooling, but in this case with much lower 
outlet temperatures. Evaporative efficiencies calculated in the hybrid tower exceeded 100 percent 
when two and three misters were operating, meaning that air was fully saturated and that outlet 
temperatures dropped below the ambient air wet-bulb temperature. 
Like the previous operation modes, towers site water consumption during hours of 
operation was consistently lower than source water consumption required by a residential scale 
AC unit to achieve the same amount of cooling delivered by the towers. AC would consume at 
least 2 times more water than what the towers consumed. Assuming a closed loop system is 
used for the hybrid tower heat exchanger, meaning no water consumption by sensible cooling, 
calculations from June 20, with majority of outlet temperatures falling below the comfort zone 
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lower limit, showed that site water consumption, approximately 15.5 gallons, was nearly 3 times 
lower than source water consumption required by AC to meet the cooling produced by the tower 
on that day. Refer to Table 4.12 below for further details from all days of operation.  
 
Table 4.12: Efficiency, Cooling, and Water Calculations During Hours of Operation 
Misters 
Operating 
 
Dates 
 
Hours 
operated 
 
Tower  
type 
 
Evaporative 
efficiency  
(%) 
Total  
cooling  
(Btu) 
Cooling 
capacity 
(tons) 
AC  
electric 
(kWh) 
AC  
water 
(gal) 
Tower 
water 
(gal) 
1 6/14/2017 6.08 PDEC 55.32 161817 2.22 11.86 23.71 4.26 
   PHDC 89.13 174249 2.39 12.77 25.53 4.26 
 6/15/2017 7.42 PDEC 72.53 270646 3.04 19.83 39.66 5.19 
   PHDC 89.45 219890 2.47 16.11 32.22 5.19 
2 6/9/2017 6.00 PDEC 74.52 218685 3.04 16.02 32.05 8.40 
   PHDC 103.91 189121 2.63 13.86 27.71 8.40 
 6/10/2017 6.00 PDEC 79.31 203063 2.82 14.88 29.76 8.40 
   PHDC 108.97 197863 2.75 14.50 29.00 8.40 
3 6/19/2017 7.42 PDEC 75.00 354354 3.98 25.96 51.93 15.58 
   PHDC 105.77 285622 3.21 20.93 41.86 15.58 
 6/20/2017 7.42 PDEC 82.08 348654 3.92 25.55 51.09 15.58 
   PHDC 108.42 331680 3.73 24.30 48.60 15.58 
 
4.1.5 Evaporative Cooling in PDECT and Evaporative + Sensible Cooling in PHDCT, Both with 
Fan Assistance. 
This set of experiments was conducted over a period of six days between June 22, and 
June 27, 2017. Ambient air dry-bulb temperatures recorded from all days ranged between 
104.8°F with 7.6 percent coincident relative humidity and 118.1°F with 10.8 percent coincident 
relative humidity. Wind speeds were generally higher when compared to those measured during 
other operational modes and highs were consistently above 1000 fpm. Table 4.13 below provides 
further details on ambient conditions recorded while cooling systems were operating. 
 
Table 4.13: Ambient Conditions Recorded During Cooling Systems Operation 
Misters 
Operating 
 
Dates 
 
Ambient  
DBT high  
(°F) 
Coincident  
RH  
(%) 
Ambient  
DBT low  
(°F) 
Coincident  
RH  
(%) 
Wind speed 
high 
(fpm) 
Wind speed 
low  
(fpm) 
1 6/22/2017 112.84 15.51 106.47 15.18 1050.63 104.02 
 6/27/2017 110.13 7.76 104.83 7.68 1080.38 173.54 
2 6/23/2017 112.94 16.44 106.23 22.41 1080.38 74.27 
 6/26/2017 112.26 16.58 107.76 11.73 1040.95 99.09 
3 6/24/2017 117.30 10.59 108.48 11.78 1031.27 19.71 
 6/25/2017 118.10 10.85 108.23 11.95 976.27 39.78 
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Example daily graphs from June 24, 2017, of conditions inside towers and at towers 
outlets during hours of operation are shown in Figure 4.15 below. Evaporative cooling was set to 
three misters and was started at the same time with the fan in both towers for the first hour. Then, 
chilled water ran through the heat exchanger starting with the low flow of approximately 1.0 
gal/min, followed by 3.0 gal/min, and ending with 5.0 gal/min. Each flow rate ran through the 
exchanger for two hours and thirty minutes. The chilled water was shut off first followed by 
evaporative cooling and the fan after thirty minutes. As in all previously analyzed operation 
modes, temperatures measured inside towers continued to be only 2°F to 3°F higher than 
temperatures measured at towers outlets. Further declines in dry-bulb temperatures, between 5°F 
to 7°F, inside the hybrid tower and at tower outlet were witnessed after operating the heat 
exchanger and were lower than ambient air wet-bulb temperatures as air became fully saturated 
which is a proper indication of two-stage cooling.   
Similar patterns found in all previously discussed operation modes were found here when 
comparing conditions at towers outlets from all days of operation as illustrated in Figure 4.16 
below. With the increase in evaporative cooling water flow rates, the PHDCT consistently 
recorded higher average temperature drops (∆T) at a delta of approximately 12°F, higher average 
relative humidity percentages at a delta of approximately 20 percent, and lower average air 
velocities at a delta of approximately 80 fpm, when compared to the PDECT. When three misters 
were operating with the fan and the heat exchanger in the PHDCT, this resulted in a 5°F 
decrease in average temperature drops from 50°F without the fan to 45°F with the fan, a 40 fpm 
increase in average air velocities, and nearly no change to average relative humidity 
percentages. Adding the heat exchanger caused no change to average air velocities when 
compared to operating the hybrid tower with evaporative cooling and fan. Rather, its impact was 
mainly on temperature drops.  
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Figure 4.15: Conditions Inside Towers and at Towers Outlets During Operation on June 24, 2017 
 
Like the previous operation mode, maintaining evaporative cooling water flow constant 
and varying chilled water flow through the heat exchanger did not have any significant impact on 
hybrid tower outlet conditions as illustrated in Figure 4.18 below. As chilled water flow increased, 
average temperature drops decreased by 2°F, average relative humidity percentages decreased 
by 3 percent, and average air velocities remained nearly unchanged. Running chilled water 
through the exchanger at 1.0 gal/min coupled with the fan and evaporative cooling set at three 
misters is optimum in this operation mode and requires less pump power to circulate chilled water 
assuming the use of a closed loop system.  
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Figure 4.16: Comparison of Conditions at Towers Outlets from All Days of Operation 
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Figure 4.17: Change in Outlet Conditions with Change in Heat Exchanger Water Flow 
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Dry-bulb temperatures recorded at towers outlets were plotted on the psychrometric chart 
and are shown in Figure 4.18 below. Operating two and three misters with the fan and the heat 
exchanger in the hybrid tower helped bring outlet conditions into the comfort zone compared to 
the previous operation mode when temperatures were below the zone’s lower limits. Unlike the 
other days of single stage tower operation with the fan, outlet conditions from this tower during 
this operation rarely met comfort requirements even with three misters operating and were 
distributed within a larger temperature range. This can be attributed to the higher wind speeds 
and slightly higher ambient air dry-bulb temperatures recorded during hours of operation.   
ASHRAE Standard 55 comfort requirements were met by the hybrid tower 100 percent of 
the time when two misters were used and 86 percent of the time when three misters were used 
as the fan helped move most outlet temperatures above the comfort zone lower limits. Like the 
other days, operating the fan with evaporative cooling in the single stage tower caused 
inconsistency in maintaining conditions within comfort limits even with three misters operating as 
the slight increase in air velocity that adding the fan created, coupled with higher ambient wind 
speeds, resulted in cooled air leaving the tower faster and in raising outlet temperatures above 
the comfort zone upper limit. Refer to Table 4.14 below for further details from all days of 
operation. 
 
Table 4.14: Percentage Hours of Operation That Met Comfort Requirements 
Misters 
Operating 
 
Dates 
 
Hours  
operated 
 
Tower  
type 
 
Comfort  
met  
(%) 
Outlet 
DBT< 68°F  
(%) 
Outlet 
DBT > 80°F  
(%) 
Humidity 
Ratio > 0.013 
(%) 
Outlet 
Velocity > 
300 fpm (%) 
1 6/22/2017 7.42 PDEC 3.37 0.00   96.63   0.00   4.49   
   PHDC 57.30 0.00   42.70   0.00   0.00   
 6/27/2017 6.00 PDEC 0.00 0.00   100.00   0.00   18.06   
   PHDC 56.94 0.00   43.06   0.00   0.00   
2 6/23/2017 7.42 PDEC 0.00 0.00   100.00   0.00   12.36   
   PHDC 100.00 0.00   0.00   0.00   0.00   
 6/26/2017 6.00 PDEC 0.00 0.00   100.00   0.00   11.11   
   PHDC 100.00 0.00   0.00   0.00   0.00   
3 6/24/2017 7.42 PDEC 19.10 0.00   80.90   0.00   1.12   
   PHDC 78.65 21.35   0.00   0.00   0.00   
 6/25/2017 7.42 PDEC 22.47 0.00   77.53   0.00   3.37   
   PHDC 93.26 6.74   0.00   0.00   0.00   
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Figure 4.18: DBT at Towers Outlets Plotted on the Psychrometric Chart 
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In this operation mode, the total cooling achieved by the hybrid tower was at its closest to 
the total cooling achieved by the single stage tower. Results from the two days of towers 
operation with three misters showed that average cooling from the single stage tower was only 12 
kBtu higher than average cooling from the hybrid tower. When towers were operating using two 
misters, average cooling from the hybrid tower was 25 kBtu more than average cooling from the 
single stage tower. Refer to fields highlighted in grey in Table 4.15 below. As expected, the 
highest cooling capacities were calculated when three misters were operating with an average 
capacity of 4.2 tons from the hybrid tower and 4.3 tons from the single stage tower. The hybrid 
tower managed to maintain outlet temperatures at the lower portion of the comfort zone and 
reached its highest cooling capacity calculated throughout the data collection process. Like the 
previous operation mode, evaporative efficiencies calculated in the hybrid tower exceeded 100 
percent when two and three misters were used, meaning that air was fully saturated and that 
outlet temperatures dropped below the ambient wet-bulb temperature. 
 
Table 4.15: Efficiency, Cooling, and Water Calculations During Hours of Operation 
Misters 
Operating 
 
Dates 
 
Hours 
operated 
 
Tower  
type 
 
Evaporative 
efficiency  
(%) 
Total  
cooling  
(Btu) 
Cooling 
capacity 
(tons) 
AC  
electric 
(kWh) 
AC  
water 
(gal) 
Tower 
water 
(gal) 
1 6/22/2017 7.42 PDEC 71.43 346865 3.90 25.42 50.83 5.19 
   PHDC 81.51 277828 3.12 20.36 40.71 5.19 
 6/27/2017 6.00 PDEC 36.66 172446 2.40 12.64 25.27 4.20 
   PHDC 67.33 208730 2.90 15.29 30.59 4.20 
2 6/23/2017 7.42 PDEC 61.10 298062 3.35 21.84 43.68 10.38 
   PHDC 100.84 334502 3.76 24.51 49.02 10.38 
 6/26/2017 6.00 PDEC 65.78 253920 3.53 18.60 37.21 8.40 
   PHDC 102.64 268709 3.73 19.69 39.38 8.40 
3 6/24/2017 7.42 PDEC 74.52 377042 4.24 27.63 55.25 15.58 
   PHDC 105.73 374944 4.21 27.47 54.94 15.58 
 6/25/2017 7.42 PDEC 75.67 398137 4.47 29.17 58.34 15.58 
   PHDC 105.07 374538 4.21 27.44 54.89 15.58 
 
Towers site water consumption during hours of operation was consistently lower than 
source water consumption required by a residential scale AC unit to achieve the same amount of 
cooling delivered by the towers. AC would consume at least 3 times more water than what the 
towers consumed. Assuming a closed loop system is used for the hybrid tower heat exchanger, 
calculations from June 23 with 100 percent of the outlet temperatures falling in the comfort zone, 
showed that its site water consumption, approximately 10.3 gallons, was nearly 4.5 times lower 
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than source water consumption required by AC to meet the cooling produced by the tower on that 
day. Refer to Table 4.15 above for further details from all days of operation.  
 
4.1.6 No Cooling in Both Towers 
This set of experiments was conducted over a period of two days on June 28, and June 
29, 2017. The highest ambient air dry-bulb temperature was recorded on June 28 at 111.8°F with 
12.4 percent coincident relative humidity. Table 4.16 provides further details on ambient 
conditions while measurements inside towers and at towers outlets were taken. 
 
Table 4.16: Ambient Conditions Recorded During Data Collection in Towers 
Misters 
Operating 
 
Dates 
 
Ambient  
DBT high  
(°F) 
Coincident  
RH  
(%) 
Ambient  
DBT low  
(°F) 
Coincident  
RH  
(%) 
Wind speed 
high 
(fpm) 
Wind speed 
low  
(fpm) 
0 6/28/2017 111.87 12.40 99.89 14.99 946.70 49.46 
 6/29/2017 111.66 9.68 97.85 19.47 654.10 4.93 
 
The main observation made on this data set was that temperatures at tower outlet were 
lower that ambient air temperature by an average of 2.2°F in the single stage tower, and higher 
than ambient air temperature by an average of 0.3°F in the hybrid tower over hours of daytime 
data collection. Air velocities at single stage tower outlet were in direct correlation with wind 
speeds whereas air velocities at hybrid tower outlet remained constant around 100 fpm. This can 
be attributed once again to the inlet design which allows for larger volumes of air to flow through 
the single stage tower; thus, resulting in cooling down its structure. On the other hand, the hybrid 
tower is almost completely enclosed, causing low air flow that is uncappable of reducing 
temperatures inside the tower. Relative humidity percentages were within a five percent range 
with ambient air percentages. Figure 4.19 below illustrates the daily graphs of conditions inside 
towers and at towers outlets during hours of operation from June 28. 
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Figure 4.19: Conditions Inside Towers and at Towers Outlets on June 28, 2017 
 
4.1.7 Summary 
Table 4.17 below summarizes results from data collected over the 28 days of tower 
operation under hot dry conditions. Results are organized in ascending order by evaporative 
cooling water flow rate. One clear observation that can be made from the table is the increase in 
cooling capacity in both towers with the increase in evaporative cooling water flow rate and the 
significant effect of the heat exchanger with fan on performance in the hybrid tower. Key findings 
from these days were as follows: 
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Table 4.17: Summary of Data Analysis from Hot Dry Days 
     PDECT PHDCT 
Mister 
 
Fan 
 
HE* 
 
Dates 
 
Hours  
operated 
 
Comfort  
met  
(%) 
Total  
cooling  
(Btu) 
Cooling 
capacity 
(tons) 
Comfort  
met  
(%) 
Total  
cooling  
(Btu) 
Cooling 
capacity 
(tons) 
0 Off Off 6/28/2017 10.50 0.00 18519 0.15 0.00 -1109 -0.01 
   6/29/2017 10.50 0.00 19691 0.16 0.00 -3179 -0.03 
0 On On 6/12/2017 7.25 No data reported 14.94 65113 0.75 
   6/13/2017 7.25 No data reported 9.20 99082 1.14 
1 Off Off 6/18/2017 7.08 10.59 189499 2.23 58.82 138659 1.63 
   6/21/2017 7.25 0.00 177595 2.04 0.00 102388 1.18 
  On 6/14/2017 6.08 58.90 161817 2.22 1.37 174249 2.39 
   6/15/2017 7.42 100.00 270646 3.04 20.22 219890 2.47 
 On Off 6/30/2017 7.33 5.68 228604 2.60 25.00 205964 2.34 
   7/5/2017 6.00 0.00 167397 2.32 0.00 118898 1.65 
  On 6/22/2017 7.42 3.37 346865 3.90 57.30 277828 3.12 
   6/27/2017 6.00 0.00 172446 2.40 56.94 208730 2.90 
2 Off Off 6/8/2017 5.17 93.55 172399 2.78 56.45 116147 1.87 
   6/11/2017 7.25 87.36 243151 2.79 39.08 138318 1.59 
  On 6/9/2017 6.00 93.06 218685 3.04 8.33 189121 2.63 
   6/10/2017 6.00 100.00 203063 2.82 0.00 197863 2.75 
 On Off 7/1/2017 7.25 42.53 317087 3.64 100.00 299292 3.44 
   7/4/2017 5.92 0.00 251923 3.55 100.00 237256 3.34 
  On 6/23/2017 7.42 0.00 298062 3.35 100.00 334502 3.76 
   6/26/2017 6.00 0.00 253920 3.53 100.00 268709 3.73 
3 Off Off 6/16/2017 7.08 100.00 313213 3.68 12.94 200630 2.36 
   6/17/2017 7.08 100.00 349409 4.11 35.29 202631 2.38 
  On 6/19/2017 7.42 39.33 354354 3.98 23.60 285622 3.21 
   6/20/2017 7.42 51.69 348654 3.92 13.48 331680 3.73 
 On Off 7/2/2017 7.25 100.00 355265 4.08 100.00 315797 3.63 
   7/3/2017 7.25 79.31 302335 3.48 1.15 244478 2.81 
  On 6/24/2017 7.42 19.10 377042 4.24 78.65 374944 4.21 
   6/25/2017 7.42 22.47 398137 4.47 93.26 374538 4.21 
* HE is an abbreviation for heat exchanger 
 
1. In ALL operation modes, conditions at tower outlet had a similar pattern. Average 
temperature drops (∆T) were consistently higher, average relative humidity 
percentages were consistently higher, and average air velocities were consistently 
lower in the PHDCT when compared to the PDECT. The lower velocities in the hybrid 
tower resulted in longer time of contact between air and water inside the tower; 
hence, the larger temperature drops and relative humidity percentages.  
2. In ALL operation modes and in both towers, as air velocity increased, temperature 
drops and relative humidity percentages decreased. Temperature drops and relative 
humidity percentages had an inverse correlation with air velocity.  
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3. In ALL operation modes, dry-bulb temperatures recorded inside both towers were 
approximately 2°F higher than temperatures at tower outlet, meaning that most of the 
cooling happens in the upper portion of the tower effective height and before 
reaching the sensors located inside the towers shafts.  
4. When evaporative cooling was the only system operating in both towers and ambient 
temperatures were below 115°F, PDECT OUTPERFORMED PHDCT. Cooling in the 
single stage tower continued to increase with increase in evaporative cooling water 
flow rate until it reached its best performance with three misters and fan turned off. 
The single stage tower consistently generated 4.0 tons of cooling under these 
settings with 100 percent of the conditions at tower outlet within ASHRAE standard 
55 comfort limits. The hybrid tower only achieved 2.3 tons of cooling with 
approximately 25 percent of the measurements within comfort limits, mainly due to 
temperatures falling below comfort zone lower limits. Refer to results from June 16 
and 17, 2017 in Table 4.17 above. When ambient air temperatures rose above 
115°F, PDECT continued to outperform PHDCT in terms of cooling capacity, but was 
inconsistent in achieving comfortable conditions as only 45 percent of the 
measurements from the single stage tower fell within comfort limits on June 19 and 
20, 2017. The flexibility that exists in the hybrid tower through its second cooling 
system would help accommodate for such conditions. 
5. When the second stage of sensible cooling and fan were concurrently operating with 
evaporative cooling, the PHDCT OUT PERFORMED PDECT. Cooling in the hybrid 
tower continued to increase with increase in evaporative cooling water flow rate until 
it reached its best performance when two or three misters were operating with heat 
exchanger and fan. Under these settings, the tower reached approximately 4.2 tons 
of cooling with more than 85 percent of the conditions at tower outlet within ASHRAE 
standard 55 comfort limits. The heat exchanger and fan helped advance performance 
of PHDCT by approximately 2 tons. The single stage tower with evaporative cooling 
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and fan still achieved 4.3 tons of cooling, but with only 20 percent of the conditions 
within comfort limits. Refer to results from June 24 and 25, 2017 in Table 4.17 above. 
6. Conditions at hybrid tower outlet only slightly varied with change in chilled water flow 
rate through its heat exchanger. It is recommended to use the low water flow rate of 
approximately 1.0 gal/min as it requires less pump power to circulate water through 
the system. One critical factor to consider is the effect of water flow rate on increase 
in water temperature exiting the heat exchanger. Temperatures of water leaving the 
exchanger were approximately 13°F higher than entering temperatures at 1.0 
gal/min, 5°F higher at 3.0 gal/min, and 2°F higher at 5.0 gal/min.  
7. In ALL operation modes, site water consumption by both towers was AT LEAST 2 
TIMES LOWER than source water required by residential scale AC unit to provide 
same amount of cooling provided by the towers. This is with the assumption that the 
hybrid tower uses a closed loop system for the heat exchanger and only consumes 
water through evaporative cooling. The calculation of water consumed by the towers 
includes the unevaporated water that was accumulating at the base of both towers. 
When operating evaporative cooling at three misters, approximately one third of the 
misting water that was injected into each tower did not evaporate and was collecting 
at the base. This water can be recirculated back into the cooling system or reused for 
other purposes. 
8. The fan caused an increase in average air velocities at towers outlets. This increase 
was lower in the single stage tower with nearly no impact on cooling capacity, and 
higher in the hybrid tower with an addition of one ton of cooling. This difference is 
mainly due to the inlet design of the former which already allows for larger volumes of 
air at higher wind speeds to enter the tower. In addition, the fan caused a rise in 
average temperatures in both towers. This had a positive effect on the hybrid tower 
as it brought conditions that were below the comfort zone lower limits into the comfort 
zone, and a negative effect on the single stage tower as it moved conditions that 
were already comfortable beyond the comfort zone upper limits.  
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4.2 Data Acquired During Hot Humid Days 
This set of data was collected between July 12, and July 21, 2017, where ambient air dry-
bulb temperatures during hours of operation ranged between a high of 97.8°F with 43.8 percent 
coincident relative humidity and a low of 73.0°F with 82.9 percent coincident relative humidity. 
The highest relative humidity percentages from the entire data collection process were recorded 
during these days and reached 90 percent. Wet-bulb temperatures ranged between 69.18°F and 
79.64°F. Wind speeds ranged between 0.00 fpm and 2359.54 fpm, also the highest speed 
recorded throughout the entire data collection process.  
The single stage tower was operating in evaporative cooling mode only and with no fan 
assistance due to its minimum impact on outlet conditions which was noted from the previous 
tests. Despite it being irrational to add moisture to the already humid air, this system was tested 
to confirm that maximum temperature drops that can be achieved are equivalent to ambient air 
wet-bulb temperatures. No evaporative cooling was running in the hybrid tower under these 
conditions, only sensible cooling with fan assistance, which was critical to create downflow and 
increase volumetric flow rate. It was expected that PDECT performance would decrease in 
comparison with its own performance under hot dry conditions due to lower delta temperature 
drops. PHDCT performance would increase in comparison with its own performance under hot 
dry conditions as temperatures at tower outlet would continue to drop beyond ambient air wet-
bulb temperature without adding moisture to the air. Finally, the hybrid tower would record higher 
levels of performance under these conditions when compared to the single stage tower. 
For this analysis, dry-bulb temperatures and relative humidity percentages reported on 
the hybrid tower were from data recorded by the smart sensor located inside the tower rather 
than by the smart sensor located at tower outlet. These measurements were considered as outlet 
conditions because moisture content in the air was condensing on the heat exchanger at the top 
of the tower, dropping down the tower shaft, and collecting at its base. This had a significant 
impact on measurements from the smart sensor at outlet as relative humidity percentages 
reached 100 percent in some instances, even though no evaporative cooling was operating.   
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4.2.1 Sensible Cooling Only with Fan Assistance in PHDCT 
This set of experiments was conducted over a period of three nights between July 15, 
and July 18, 2017. Ambient air dry-bulb temperatures ranged between 73.0°F with 82.9 percent 
coincident relative humidity and 92.7°F with 38.0 percent coincident relative humidity. Wind 
speeds reached a high of 2359.5 fpm on July 16 during the thunderstorm that occurred late night 
on that day with an overall precipitation level of 0.17 inches. Table 4.18 provides further details on 
ambient conditions recorded while cooling system was operating.  
 
Table 4.18: Ambient Conditions Recorded During Hybrid Tower Operation 
Chilled 
Water flow 
(gal/min) 
Dates 
 
Ambient  
DBT high  
(°F) 
Coincident  
RH  
(%) 
Ambient  
DBT low  
(°F) 
Coincident  
RH  
(%) 
Wind speed 
high 
(fpm) 
Wind speed 
low  
(fpm) 
1.0 7/15 to 16/2017 92.74 38.02 83.03 66.88 728.55 0.00 
3.0 7/16 to 17/2017 87.19 50.56 73.08 82.95 2359.54 0.00 
5.0 7/17 to 18/2017 91.66 53.54 78.06 74.18 1149.81 9.86 
 
Daily graphs from all nights of operation are shown in Figures 4.20, 4.21, and 4.22 below. 
Chilled water and fan were turned on together and chilled water flow rate remained constant each 
night starting with the low flow of approximately 1.0 gal/min on July 15, and ending with the high 
flow of approximately 5.0 gal/min on July 18. In all water flow rates, temperatures inside tower 
continued to decline for a maximum of two hours before reaching a relatively constant delta with 
ambient air temperature. This delta was approximately 12°F on July 15. Obvious changes in 
measurements were witnessed with the start of the thunderstorm around 10:00 pm on July 16 as 
ambient air relative humidity percentages reached 90 percent, air velocities at tower outlet 
increased by 40 fpm, and outlet temperatures continued to drop until it reached approximately 
5°F below the ambient air wet-bulb temperature where it remained relatively constant.  
Dry-bulb temperatures measured inside towers were about 2°F higher than temperatures 
measured at towers outlets, meaning that similar to observations from hot dry conditions, most 
cooling continued to happen in the upper portion of the tower effective height under these hot 
humid conditions. On the other hand, there was a significant gap between relative humidity 
percentages inside tower and at tower outlet with deltas reaching 22 percent, caused by the 
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water condensing on the heat exchanger that was dropping down the tower and accumulating at 
the base. This started to affect measurements recorded by the tower outlet smart sensors after 
one hour of operation on July 15 and 16, and after only 30 minutes of operation on July 17.  
 
 
Figure 4.20: Conditions Inside PHDCT and at Tower Outlet During Operation on July 15 to 16 
 
 
Figure 4.21: Conditions Inside PHDCT and at Tower Outlet During Operation on July 16 to 17 
 115 
 
 
Figure 4.22: Conditions Inside PHDCT and at Tower Outlet During Operation on July 17 to 18 
 
Figure 4.23 below illustrates the change in outlet conditions with the change in chilled 
water flow through the heat exchanger. Average temperature drops remained nearly the same at 
approximately 12°F when water flow was set at 1.0 gal/min and 5.0 gal/min. This was nearly 
identical to average temperature drops achieved by this same operation mode under hot dry 
conditions. The day water flow was set at 3.0 gal/min was a unique case due to the thunderstorm. 
On this day, ambient temperatures reached the lowest (73°F) and wind speeds reached the 
highest recorded throughout the entire data collection process (2360 fpm). Average temperature 
drops (∆T) at tower outlet were only 8°F, average air velocities increased 40 fpm reaching 200 
fpm, and average relative humidity percentages increase to 90 percent compared to 76 percent 
recorded during the other two days. Like in the hot dry conditions, low chilled water flow rate at 
approximately 1.0 gal/min is recommended for the hot humid conditions as it requires less pump 
power to circulate chilled water assuming the use of a closed loop system. 
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Figure 4.23: Change in Outlet Conditions with Change in Heat Exchanger Water Flow 
 
After plotting dry-bulb temperatures from all three days of operation on the psychrometric 
chart, it was noticed that they were mainly outside the comfort zone because 86 percent of all 
humidity ratios exceeded 0.013 and relative humidity percentages ranged between 55 and 95 
percent as shown in Figure 4.24 below. This mode could not achieve comfort in hot dry as well as 
hot humid conditions. The excessive water condensing out of the humid air onto the exchanger 
and then dropping down the tower shaft and accumulating at the base was the cause of the 
excessive humidity levels inside tower shaft. Refer to Table 4.19 below for further details. 
During these tests, the hybrid tower achieved an average total cooling of approximately 
145 kBtu and average cooling capacity of approximately 1.0 ton, which was the same capacity 
obtained from this operation mode under hot dry conditions, meaning that the hybrid tower 
maintained performance due to temperatures continuing to drop beyond ambient air wet-bulb 
temperatures. Calculations from July 15, showed that source water consumption required by a 
residential scale AC unit to deliver the same amount of cooling delivered by the hybrid tower on 
that day was approximately 25 gallons vs. no site water consumption by the tower assuming a 
closed loop system. Refer to Table 4.20 below for further details. 
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Figure 4.24: DBT at Hybrid Towers Outlet Plotted on the Psychrometric Chart 
 
 
Table 4.19: Percentage Hours of Operation That Met Comfort Requirements 
Chilled 
Water flow 
(gal/min) 
Dates 
 
Hours  
operated 
 
Tower  
type 
 
Comfort  
met  
(%) 
Outlet 
DBT  
< 68°F  
(%) 
Outlet 
DBT 
> 80°F  
(%) 
Humidity Ratio 
> 0.013  
(%) 
Outlet Velocity  
> 300 fpm  
(%) 
1.0 7/15 to 16 /2017 12.00 PDEC No data reported 
   PHDC 20.83 0.00 0.00 79.17 0.00 
3.0 7/16 to 17 2017 10.00 PDEC No data reported 
   PHDC 0.00 17.50 0.00 100.00 0.00 
5.0 7/17 to 18/2017 11.00 PDEC No data reported 
   PHDC 20.45 0.00 0.00 79.55 0.00 
 
 
Table 4.20: Cooling, and Water Calculations During Hours of Operation 
Chilled 
Water flow 
(gal/min) 
Dates 
 
Tower  
type 
 
Hours 
operated 
 
Total  
cooling  
(Btu) 
Cooling 
capacity  
(tons) 
AC  
electric  
(kWh) 
AC  
water  
(gal) 
Tower  
water  
(gal) 
1.0 7/15 to 16 /2017 PDEC No data reported 
  PHDC 12.00 173155 1.20 12.69 25.37 0.00 
3.0 7/16 to 17 /2017 PDEC No data reported 
  PHDC 10.00 109988 0.92 8.06 16.12 0.00 
5.0 7/17 to 18 /2017 PDEC No data reported 
  PHDC 11.00 151785 1.15 11.12 22.24 0.00 
 
0.0000
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0.0100
0.0150
0.0200
0.0250
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0.0400
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4.2.2 Evaporative Cooling in PDECT  
This set of experiments was conducted over a period of three nights between July 12, 
and July 15, 2017. Ambient air dry-bulb temperatures ranged between 84.1°F with 51.1 percent 
coincident relative humidity and 101.4°F with 26.5 percent coincident relative humidity. Refer to 
Table 4.21 below for further details on ambient conditions recorded while cooling system was 
operating.  
 
Table 4.21: Ambient Conditions Recorded During Hybrid Tower Operation 
Misters 
Operating 
 
Dates 
 
Ambient  
DBT high  
(°F) 
Coincident  
RH  
(%) 
Ambient  
DBT low  
(°F) 
Coincident  
RH  
(%) 
Wind speed 
high 
(fpm) 
Wind speed 
low  
(fpm) 
3 7/12 to 13/2017 99.63 27.81 84.43 51.66 743.69 0.00 
2 7/13 to 14/2017 101.40 26.55 84.15 51.10 1179.99 0.00 
1 7/14 to 15/2017 97.55 38.83 87.33 49.81 605.09 9.86 
 
 
Figure 4.25: Conditions Inside PDECT and at Tower Outlet During Operation On July 12 to 13 
 
The intention of this experiment was to confirm that maximum temperature drops that can 
be achieved by the single stage tower under hot humid conditions in equal to ambient air wet-bulb 
temperature. This was witnessed when three misters were operating from July 12 to 13, 2017 as 
illustrated in Figure 4.25 above, which graphs conditions inside single stage tower and at tower 
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outlet during hours of operation. After approximately thirty minutes of starting evaporative cooling, 
temperature drops reached 23°F. As operation continued and ambient air temperatures kept 
dropping, the gap between it and temperatures at tower outlet minimized as outlet temperatures 
were nearly identical to ambient air wet-bulb temperatures after the latter reached saturation 
around 6:00 am on July 13. Air velocity at tower outlet was only reported for July 12 to 13, 
because patterns similar to those recorded during hot dry days were witnessed. Like the 
observation made on this tower under hot dry conditions, temperatures measured inside towers 
were about 2°F higher than temperatures measured at towers outlets under hot humid conditions, 
meaning that most cooling continued to happen in the upper portion of the tower effective height. 
Dry-bulb temperatures and relative humidity percentages at single stage tower outlet 
from all three nights of operation were compared and are illustrated in Figure 4.26 below. During 
these hot humid conditions, averages slightly changed with change in evaporative cooling water 
flow rate from one to three misters. Average temperature drops (∆T) ranged 4°F (between 13.8°F 
at one mister and 17.1°F at three misters) and average relative humidity percentages ranged 5 
percent (between 72.5 percent at one mister and 78.2 percent at three misters). This was lower 
than the ranges recorded during hot dry days with increase in water flow which reached 15°F in 
average temperature drops and 15 percent in average relative humidity percentages; hence, the 
reduction in system performance under these conditions. 
 
 
Figure 4.26: Change in PDECT Outlet Conditions With Change in Water Flow 
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Figure 4.27: DBT at Single Stage Tower Outlet Plotted on the Psychrometric Chart 
 
Dry-bulb temperatures recorded at the outlet were plotted on the psychrometric chart as 
shown in Figure 4.27 above. Temperatures were mainly within comfort limits and ranged between 
71°F and 80°F but more than 90 percent of humidity ratios were above 0.013. As an example, 85 
percent of relative humidity percentages recorded at tower outlet on July 12 when three misters 
were operating exceeded 65 percent. This was quite a difference from the relative humidity 
percentages recorded over the four days of operation at this flow rate under hot dry conditions, 
where majority of the conditions met comfort requirements and relative humidity percentages did 
not exceed 65 percent. This is another indication of the negative effect of adding moisture to the 
air under hot humid conditions. Refer to Table 4.22 below for further details on results related to 
comfort from these days of operation. 
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Table 4.22: Percentage Hours of Operation That Met Comfort Requirements 
Misters 
Operating 
 
Dates 
 
Hours  
operated 
 
Tower  
type 
 
Comfort  
met  
(%) 
Outlet 
DBT< 68°F  
(%) 
Outlet 
DBT > 80°F  
(%) 
Humidity Ratio > 
0.013  
(%) 
3 7/12 to 13/2017 12.00 PDEC 11.81 0.00 0.00 88.19 
   PHDC No data reported 
2 7/13 to 14/2017 12.00 PDEC 8.33 0.00 2.08 89.58 
   PHDC No data reported 
1 7/14 to 15/2017 12.00 PDEC 0.69 0.00 0.00 99.31 
   PHDC No data reported 
 
 Operating three misters resulted in total cooling of 234 kBtu achieved over twelve hours 
under hot humid conditions compared to 344 kBtu achieved over same number of hours but 
under hot dry conditions, a reduction in cooling output of 110 kBtu. Cooling capacity at this flow 
rate was 1.6 tons vs. the consistent cooling capacity of 4 tons from the same tower set to the 
same flow rate but operating under hot dry conditions. In addition, source water consumption 
required by a residential scale AC unit to deliver the same amount of cooling delivered by the 
single stage tower at the three misters flow rate was approximately 1.5 times more than tower site 
water consumption. Refer to Table 4.23 below for further details. Even though average 
evaporative efficiency at the three misters flow rate reached 91 percent, larger quantities of 
unevaporated water accumulated at the base, approximately two thirds of the supplied water 
compared to one third at the same flow rate under hot dry conditions. This is another confirmation 
that this cooling mechanism is ineffective under hot humid conditions.  
 
Table 4.23: Efficiency, Cooling, and Water Calculations During Hours of Operation 
Misters 
Operating 
 
Dates 
 
Hours 
operated 
 
Tower  
type 
 
Evaporative 
efficiency  
(%) 
Total  
cooling  
(Btu) 
Cooling 
capacity 
(tons) 
AC  
electric 
(kWh) 
AC  
water 
(gal) 
Tower 
water 
(gal) 
3 7/12 to 13/2017 12.00 PDEC 90.87 233564 1.62 17.11 34.23 25.20 
   PHDC No data reported 
2 7/13 to 14/2017 12.00 PDEC 86.56 Not calculated. No air velocity data collected 
   PHDC No data reported 
1 7/14 to 15/2017 12.00 PDEC 81.86 Not calculated. No air velocity data collected 
   PHDC No data reported 
 
4.2.3 Sensible Cooling Only in PHDCT 
This set of experiments was conducted over a period of three nights between July 18, 
and July 21, 2017. Ambient air dry-bulb temperatures ranged between 82.4°F with 68.4 percent 
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coincident relative humidity and 97.8°F with 43.8 percent coincident relative humidity. For further 
details on ambient conditions recorded while cooling system was operating, refer to Table 4.24 
below. Even though preliminary data collection conducted during hot dry conditions indicated no 
potential for cooling by this operation mode, it was decided to revisit and test it during hot humid 
conditions because moisture content in the air was condensing on the heat exchanger, dropping 
through the tower, and collecting at the base; thus, creating a low velocity air flow down the shaft, 
which was presumed to have some cooling capacity.  
 
Table 4.24: Ambient Conditions Recorded During Hybrid Tower Operation 
Chilled 
water flow 
(gal/min) 
Dates 
 
Ambient  
DBT high  
(°F) 
Coincident  
RH  
(%) 
Ambient  
DBT low  
(°F) 
Coincident  
RH  
(%) 
Wind speed 
high 
(fpm) 
Wind speed 
low  
(fpm) 
1.0 7/18 to 19/2017 94.47 52.60 82.60 67.94 431.38 0.00 
3.0 7/19 to 20/2017 92.24 43.43 83.61 59.31 624.45 0.00 
5.0 7/20 to 21/2017 97.85 43.84 82.46 68.40 634.48 0.00 
 
 
 
Figure 4.28: Conditions Inside PHDCT and at Tower Outlet During Operation On July 18 to 19 
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Figure 4.29: Conditions Inside PHDCT and at Tower Outlet During Operation On July 19 to 20 
 
 
Figure 4.30: Conditions Inside PHDCT and at Tower Outlet During Operation On July 20 to 21 
 
Daily graphs from all nights of operation are shown in Figures 4.28, 4.29, and 4.30 
above. Chilled water flow rate remained constant each night starting with the low flow of 
approximately 1.0 gal/min on July 18, and ending with the high flow of approximately 5.0 gal/min 
on July 21. In all water flow rates, temperatures inside tower continued to decline for 
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approximately three hours before reaching a relatively constant delta with ambient air 
temperature. The impact of condensed water accumulating at the base started to appear after 
two hours and thirty minutes of operation as relative humidity percentages inside tower and at 
tower outlet started to widen and remain relatively constant at a delta of approximately 20 
percent. Temperatures measured inside towers were at their closest to temperatures measured 
at tower outlet and only higher by 1°F. Even though no fan was operating with the heat 
exchanger, most cooling continued to happen in the upper portion of the tower effective height. 
Minimum change was recorded in outlet conditions with the change in chilled water flow 
rate through the heat exchanger as illustrated in Figure 4.31 below. Average temperature drops 
(∆T) remained consistent at approximately 11°F. This was nearly identical to average 
temperature drops achieved by this heat exchanger with fan assistance in hot dry and hot humid 
conditions. Average relative humidity percentages remained at 73 percent and average air 
velocity was around 80 fpm. This was half the average air velocity recorded when the fan was 
operating concurrently with heat exchanger in hot humid conditions. 
 
 
Figure 4.31: Change in Outlet Conditions with Change in Heat Exchanger Water Flow 
 
Dry-bulb temperatures from all three days of operation were plotted on the psychrometric 
chart as shown in Figure 4.32 below. Only 18 percent of the measurements were in the comfort 
zone as 82 percent of all humidity ratios were above 0.013. This mode achieved a slightly higher 
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percentage of conditions that met comfort requirements when compared to operating the heat 
exchanger with the fan (18 percent vs. 13 percent). The lower air flow in this case helped 
decelerate condensation on heat exchanger; thus, decelerating rise in relative humidity 
percentages inside tower enclosure, which was the main difference between the two operational 
modes. Refer to Table 4.25 below for further details.  
 
 
Figure 4.32: DBT at Hybrid Towers Outlet Plotted on the Psychrometric Chart 
 
Table 4.25: Percentage Hours of Operation That Met Comfort Requirements 
Chilled 
water flow 
(gal/min) 
Dates 
 
Hours  
operated 
 
Tower  
type 
 
Comfort  
met  
(%) 
Outlet 
DBT 
< 68°F  
(%) 
Outlet 
DBT  
> 80°F  
(%) 
Humidity 
Ratio  
> 0.013  
(%) 
Outlet 
Velocity  
> 300 fpm 
(%) 
1.0 7/18 to 19/2017 12.00 PDEC No data reported 
   PHDC 0.00 0.00 1.39 100.00 0.00 
3.0 7/19 to 20/2017 12.00 PDEC No data reported 
   PHDC 54.86 0.00 0.69 45.14 0.00 
5.0 7/20 to 21/2017 11.00 PDEC No data reported 
   PHDC 0.00 0.00 0.00 100.00 0.00 
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On these days, the hybrid tower achieved an average cooling of approximately 73 kBtu 
and average cooling capacity of approximately half a ton due to the absence of the fan. 
Calculations from July 18 showed that source water consumption required by a residential scale 
AC unit to deliver the same amount of cooling delivered by the hybrid tower on that day was 
approximately 10 gallons vs. no site water consumption by the tower assuming a closed loop 
system. Refer to Table 4.26 below for further details. 
 
Table 4.26: Cooling, and Water Calculations During Hours of Operation 
Chilled 
water flow 
(gal/min) 
Dates 
 
Hours 
operated 
 
Tower  
type 
 
Total  
cooling  
(Btu) 
Cooling 
capacity 
(tons) 
AC  
electric 
(kWh) 
AC  
water 
(gal) 
Tower 
water  
(gal) 
1.0 7/18 to 19/2017 12.00 PDEC NO DATA REPORTED 
   PHDC 70730 0.49 5.18 10.36 0.00 
3.0 7/19 to 20/2017 12.00 PDEC NO DATA REPORTED 
   PHDC 78020 0.54 5.72 11.43 0.00 
5.0 7/20 to 21/2017 11.00 PDEC NO DATA REPORTED 
   PHDC 73144 0.55 5.36 10.72 0.00 
 
4.2.4 Summary 
Table 4.27 below summarizes results from data collected over the 9 days of tower 
operation under hot humid conditions. Results are organized in ascending order by date tests 
were conducted. Key findings from these days are as follows: 
 
Table 4.27: Summary of Data Analysis from Hot Humid Days 
     PDECT PHDCT 
Mister 
 
Fan 
 
water 
flow HE* 
(gal/min) 
Dates 
 
Hours  
operated 
 
Comfort  
met  
(%) 
Total  
cooling  
(Btu) 
Cooling 
capacity 
(tons) 
Comfort  
met  
(%) 
Total  
cooling  
(Btu) 
Cooling 
capacity 
(tons) 
3 Off 0.0 7/12/2017 12.00 11.81 233564 1.62 No data reported 
2  0.0 7/13/2017 12.00 8.33 Not calculated No data reported 
1  0.0 7/14/2017 12.00 0.69 Not calculated No data reported 
0 On 1.0 7/15/2017 12.00 No data reported 20.83 173155 1.20 
  3.0 7/16/2017 10.00 No data reported 0.00 109988 0.92 
  5.0 7/17/2017 11.00 No data reported 20.45 151785 1.15 
 Off 1.0 7/18/2017 12.00 No data reported 0.00 70730 0.49 
  3.0 7/19/2017 12.00 No data reported 54.86 78020 0.54 
  5.0 7/20/2017 11.00 No data reported 0.00 73144 0.55 
* HE is an abbreviation for heat exchanger 
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1. PDECT performance decreased in comparison with its own performance under hot 
dry conditions as cooling capacity when water flow was set at three misters only 
reached 1.6 tons, compared to the average 4.0 tons reached when operating under 
hot dry conditions. Average temperature drops at this water flow rate were only 
17.10°F in hot humid conditions vs. 36.40°F in hot dry conditions. This is because 
temperatures at tower outlet would not drop below ambient air wet-bulb temperatures 
which is common in the evaporative cooling process. These lower delta temperatures 
resulted in a significant decline in tower cooling capacity even though air velocities 
were nearly identical under both conditions. 
2. PHDCT performance remained nearly identical in comparison with its own 
performance under hot dry conditions. Maximum cooling capacity reached was 
approximately 1.1 tons with heat exchanger and fan in operation, which was similar 
to the 1.0 ton capacity reached under hot dry conditions. Most of the tower outlet 
conditions fell outside the comfort zone limits when tested in hot humid and hot dry 
conditions. Even though tower inlet temperatures under hot humid conditions were 
lower than those recorded under hot dry conditions, average temperature drops were 
nearly identical at 12°F. This is due to tower outlet temperatures continuing to drop 
beyond ambient air wet-bulb temperatures which is common in the sensible cooling 
process. This, in addition to similar tower outlet air velocities, is what maintained 
cooling capacities nearly the same. 
3. Even though the single stage tower recorded higher cooling capacities compared to 
the hybrid tower, it was concluded that THE PHDCT OUTPERFORMED THE PDECT 
under hot humid conditions. This was because of the tremendous drop in single 
stage tower performance from 4.0 tons to 1.6 tons and extra amounts of 
unevaporated water was accumulating at the base of the tower, approximately two 
thirds of the supplied water compared to one third at the same flow rate under hot dry 
conditions. 
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4. Comfort requirements not met by the hybrid tower in these operation modes was 
mainly due to high levels of humidity inside the tower shaft caused by ambient air 
moisture content condensing on the heat exchanger, dropping down the tower shaft, 
and collecting at the base. This can be solved by immediately removing water 
accumulating at the base and circulating it back into the system or using it for other 
purposes. 
5. Operating the heat exchanger with and without the fan achieved similar temperature 
drops, the difference being in time required to reach lowest temperatures inside the 
tower. This was up to 3 hours without the fan and 2 hours with the fan. Even though 
similar temperature drops were achieved, cooling capacities without the fan were 
nearly half the cooling capacities with the fan. In hot humid conditions, it is 
recommended to operate the heat exchanger with fan at all times. 
6. In ALL operation modes, dry-bulb temperatures recorded inside both towers were 
approximately 2°F higher than temperatures at tower outlet, which is similar to the 
finding from hot dry days, meaning that cooling happens in the upper portion of the 
tower effective height and before reaching the sensors located inside the towers 
shafts.  
7. The single stage tower site water consumption was about 1.5 times lower than 
source water required by residential scale AC unit to provide same amount of cooling 
provided by the tower. The calculation of water consumed by the tower includes the 
unevaporated water that was accumulating at the base. The difference between site 
and source water decreased because performance of single stage tower decreased. 
The hybrid tower consumed no site water because evaporative cooling was turned off 
and it was assumed that the hybrid tower uses a closed loop system for the heat 
exchanger.  
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5. REGRESSION ANALYSIS 
To understand the effect of independent variables on conditions at tower outlet, namely 
temperature drop (∆T) and air velocity, multiple linear regression analysis was performed on the 
data collected during hot dry and hot humid conditions from the single stage and hybrid towers. 
What differentiates this data set from others found in the literature is that it was collected using 
the same experimental setup and under a wide range of climate conditions, ranging from a low of 
73.0°F with 82.9 percent coincident relative humidity, and a high of 123.4°F with 7.8 percent 
coincident relative humidity.  
The data set reported by Givoni (1997) was collected from a PDECT with shower head 
placed in three regions that had different climate conditions (Los Angeles, California, Riyadh, 
Saudi Arabia, and Yokohama, Japan), but the experimental setup was not consistent in all cities. 
This data was used to partially validate the computer model developed for EnergyPlus (Kang & 
Strand, 2009). Data reported by Ford et.al. (2010) on the Catania Experimental Building was 
used by Kang (2011) to validate a computer model of simultaneous heat and mass transfer as 
well as turbulent flow in a PDECT. However, the ambient conditions used in the validation 
process mainly represented low levels of hot dry conditions when compared to ambient 
conditions recorded during the hot dry period of this study. 
Linear regression analysis was considered, since it is what several studies in the 
literature have found to be the most acceptable method. In the study conducted by Kang (2011), 
other analysis such as polynomial, exponential, and logarithmic were evaluated and were omitted 
since they required considerable amount of computing resources to find a correlation (up to 48 
hours in some cases). In addition, linear regression was used by Givoni (1993) to develop a 
simplification of the mathematical model originally developed by Cunningham and Thompson 
(1986) that estimates dry-bulb temperature and air velocity at tower outlet. This was validated 
using data collected from the PDECT attached to the Test House in Tucson, Arizona.  
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5.1 Regression Analysis for PDECT 
The data recorded from the single stage tower used in this regression analysis is 
equivalent to 221 hours of operation, or 2651 observations, collected over 29 days. This included 
24 days of tower operation during daytime under hot dry conditions (1967 observations), 2 days 
of no tower operation under hot dry conditions (252 observations), and 3 days of tower operation 
overnight under hot humid conditions (432 observations). Evaporative cooling water flow rate was 
recoded into three dummy variables, one for each flow rate tested (one mister, two misters, and 
three misters). The reference variable was no water flow in the tower’s evaporative cooling 
system. Fan operation was recoded into one dummy variable (fan on). The reference variable 
was having the fan off during hours of operation.  
 
5.1.1 Predicting Temperature Drop at PDECT Outlet 
All 2651 observations were used to develop the equation that predicts temperature drop 
(∆T) at single stage tower outlet. Selected independent variables were water flow rates through 
the evaporative cooling system (M1, M2, and M3), fan operation (F1), ambient air dry-bulb 
temperature (TDBT, IN), ambient air wet-bulb depression (TWBD), and wind speed (WS). Based on 
the result of adjusted coefficient of determination listed in Table 5.1 below, it can be said that 87 
percent of the variance in single stage tower temperature drop can be explained by the 
independent variables. The overall fit of the regression is good since R2 and adjusted R2 are in 
line with each other, meaning that all independent variables are significant and should be part of 
the regression. All independent variables slope coefficients listed in Table 5.2 below are 
significant as well, with probability values equal to zero when calculated at 99 percent confidence 
level.  
The coefficients reflect many of the patterns that were witnessed during data collection. 
Temperature drop had a direct correlation with water flow rate through the evaporative cooling 
system, an inverse correlation with fan operation, and an inverse correlation with wind speeds. 
Running water through three misters increased temperature drops on average 28.6°F and 
operating the fan decreased outlet temperatures on average 0.8°F. The impact of the fan might 
 131 
 
appear to be a small number, but in many instances, operating it resulted in outlet conditions 
above the comfort zone upper limit. Like the fan, higher wind speeds resulted in lower ∆T as time 
of contact between air and water was shorter, and cooled air left the tower before reaching 
maximum temperature drop. 
The wet-bulb depression had a slope coefficient of 0.4893, meaning that evaporative 
efficiency from all days of operation was on average 50 percent. On the days when 3 misters 
were operating with no fan, evaporative efficiency averaged 75 percent. Ambient air dry-bulb 
temperature had a positive slope coefficient, meaning that the higher it was, the higher the 
temperature drops would be. This was clear during the days of high ambient dry-bulb 
temperatures coupled with low humidity levels, and low wind speeds, which is when the highest 
drops were witnessed. Equation 5.1 below predicts temperature drop by single stage tower for ∆T 
that falls between -2°F and 44°F. Figure 5.2 below is a line fit plot that relates measured ∆T to ∆T 
that was predicted using the equation below. The Figure shows a strong correlation between the 
two with a coefficient of determination (R2) of 0.8684. 
 
Table 5.1: PDECT Multiple Regression Statistics for ∆T 
Regression Statistics 
Coefficient of multiple correlation (multiple R) 0.9319 
Coefficient of determination (R2) 0.8684 
Adjusted coefficient of determination (adjusted R2) 0.8681 
Standard Error 3.6024 
Observations 2651 
 
Table 5.2: PDECT Independent Variable Analysis for ∆T 
Independent Variables Coefficients Standard Error T statistic P-Value Lower 99% Upper 99% 
Intercept -25.1018 1.8979 -13.2262 0.0000 -29.9939 -20.2096 
Fan operation (F1) -0.7727 0.1779 -4.3437 0.0000 -1.2313 -0.3142 
One mister (M1) 19.9265 0.2719 73.2824 0.0000 19.2256 20.6274 
Two misters (M2) 25.3981 0.2803 90.6006 0.0000 24.6755 26.1207 
Three misters (M3) 28.6186 0.2672 107.1019 0.0000 27.9298 29.3073 
Wind speed (WS) -0.0101 0.0003 -33.1390 0.0000 -0.0109 -0.0093 
Ambient air WBD (TWBD) 0.4893 0.0198 24.7480 0.0000 0.4383 0.5402 
Ambient air DBT (TDBT, IN) 0.1162 0.0240 4.8522 0.0000 0.0545 0.1780 
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Equation 5.1: ∆T from Single Stage Tower 
 
∆𝑻𝑷𝑫𝑬𝑪𝑻  = − 𝟐𝟓. 𝟏𝟎𝟏𝟖 − 𝟎. 𝟕𝟕𝟐𝟕 × 𝑭𝟏 + 𝟏𝟗. 𝟗𝟐𝟔𝟓 × 𝑴𝟏 + 𝟐𝟓. 𝟑𝟗𝟖𝟏 × 𝑴𝟐   + 𝟐𝟖. 𝟔𝟏𝟖𝟔 × 𝑴𝟑 −
𝟎. 𝟎𝟏𝟎𝟏 × 𝑾𝑺 + 𝟎. 𝟒𝟖𝟗𝟑 × 𝑻𝑾𝑩𝑫 + 𝟎. 𝟏𝟏𝟔𝟐 × 𝑻𝑫𝑩𝑻,𝑰𝑵   
Where:  
F1 = 1 when fan is on; F1 = 0 when fan is off 
M1 = 1 when one mister is on; M1 = 0 when a different number of misters or no misters are on 
M2 = 1 when two misters are on; M2 = 0 when a different number of misters or no misters are on 
M3 = 1 when three misters are on; M3 = 0 when a different number of misters or no misters are on 
 
Figure 5.1: Measured Vs. Predicted ∆T In PDECT 
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5.1.2 Predicting Air Velocity at PDECT Outlet 
2363 observations collected over 27 days were used to develop the equation that 
predicts air velocities at tower outlet. From the 3 days of data collection under hot humid 
conditions, only 1 day was incorporated into this regression analysis as measurements of air 
velocity had similar patterns to those observed during hot dry days. The independent variables 
were evaporative cooling system water flow rates (M1, M2, and M3), fan operation (F1), and wind 
speed (WS). Based on the result of adjusted coefficient of determination listed in Table 5.3 below, 
it can be said that 80 percent of the variance in air velocity at tower outlet can be explained by the 
independent variables. The overall fit of the regression is good since R2 and adjusted R2 are in 
line with each other, meaning that all independent variables are significant and should be part of 
the regression. All independent variables slope coefficients listed in Table 5.4 below are 
significant as well, with probability values equal to zero when calculated at 99 percent confidence 
level.  
 
Table 5.3: PDECT Multiple Regression Statistics for Air Velocity 
Regression Statistics 
Coefficient of multiple correlation (multiple R) 0.8972 
Coefficient of determination (R2) 0.8050 
Adjusted coefficient of determination (adjusted R2) 0.8046 
Standard Error 22.0563 
Observations 2363 
 
Table 5.4: PDECT Independent Variables Analysis for Air Velocity 
Independent Variables Coefficients Standard Error T statistic P-Value Lower 99% Upper 99% 
Intercept 91.8632 1.5231 60.3136 0.0000 87.9368 95.7896 
Fan operation (F1) 37.1160 0.9861 37.6399 0.0000 34.5739 39.6580 
One mister (M1) 36.8460 1.7209 21.4105 0.0000 32.4096 41.2824 
Two misters (M2) 40.2457 1.7526 22.9638 0.0000 35.7277 44.7637 
Three misters (M3) 40.4213 1.6412 24.6288 0.0000 36.1904 44.6523 
Wind speed (WS) 0.1267 0.0020 64.2409 0.0000 0.1217 0.1318 
 
One observation made from the slope coefficients is the direct correlation between outlet 
air velocity and water flow rate through the evaporative cooling system and that each water flow 
rate caused nearly the same increase in outlet air velocity. Operating one mister increased 
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velocity on average 37 fpm. This slightly changed when operating two or three misters as air 
velocity only increased 3 fpm to 40 fpm on average. Velocities had a direct correlation with wind 
speeds as well, with a slope coefficient of 0.1267. This means that wind speeds decrease on 
average to 13 percent their original speed as they enter the tower, which is mainly caused by the 
diagonal baffles and 90-degree bend at tower inlet and outlet. Operating the fan increased 
velocities on average 37 fpm, even though it operates at approximately 60 fpm when measured 
indoors. As mentioned in data analysis, this can be attributed to the large volumes of air that this 
tower inlet already allows for; hence, the lower than expected increase in speeds from adding the 
fan to the tower. Equation 5.2 below predicts air velocity at single stage tower outlet for velocities 
that fall between 80 fpm and 335 fpm. Figure 5.4 below is a line fit plot that relates measured air 
velocities to velocities predicted using the equation below, which like the dry-bulb temperature 
analysis, shows a strong correlation between the two, with a coefficient of determination (R2) of 
0.8050. 
 
Equation  5.2: Air Velocity at Single Stage Tower Outlet 
 
𝑽𝑷𝑫𝑬𝑪𝑻,𝑶𝑼𝑻 = 𝟗𝟏. 𝟖𝟔𝟑𝟐  + 𝟑𝟕. 𝟏𝟏𝟔𝟎  × 𝑭𝟏 + 𝟑𝟔. 𝟖𝟒𝟔𝟎 × 𝑴𝟏 + 𝟒𝟎. 𝟐𝟒𝟓𝟕  × 𝑴𝟐  + 𝟒𝟎. 𝟒𝟐𝟏𝟑  × 𝑴𝟑 +
𝟎. 𝟏𝟐𝟔𝟕  × 𝑾𝑺   
Where:  
F1 = 1 when fan is on; F1 = 0 when fan is off 
M1 = 1 when one mister is on; M1 = 0 when a different number of misters or no misters are on 
M2 = 1 when two misters are on; M2 = 0 when a different number of misters or no misters are on 
M3 = 1 when three misters are on; M3 = 0 when a different number of misters or no misters are on 
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Figure 5.2: Measured Vs. Predicted Outlet Air Velocities In PDECT 
 
 
5.1.3 Uncertainty in Cooling Calculations for PDECT 
To identify the uncertainty in the cooling supplied at the five-minute recording interval by 
the single stage tower, when calculated using the temperature drops and air velocities estimated 
from the regression equations developed above, Equation 5.3 below was used. This is the square 
root of the sum of the squares of the fractional uncertainties in ∆T and air velocity, multiplied by 
the average cooling calculated using predicted dependent variables. No uncertainty in air density, 
air specific heat, and tower cross section area is assumed. The statistics in Table 5.5 below were 
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used for uncertainty calculations and were from 4 days of tower operation in its best mode, which 
was when water was supplied to three misters with fan turned off (29 hours of operation or 348 
observations). The dates of operation were June 16, 17,19, and 20, 2017. Results indicated that 
the relative uncertainty was 0.1635 and the absolute uncertainty was ± 607.46 Btu. This was 
quite high with fractional uncertainty from air velocity being the most impactful factor.  
 
Equation 5.3: Absolute Uncertainty in Cooling Calculated Using Results from Regression 
Equations 
 
δQ= (√(
SDV
X̅V
)
2
+ (
SD∆T
X̅∆T
)
2
) × X̅Q 
Where:  
SDV = Standard deviation of predicted air velocity 
X̄V = Average of predicted air velocity 
SD∆T = Standard deviation of predicted temperature drop 
X̄∆T = Average of predicted temperature drop 
X̄Q = Average of cooling calculated using predicted temperature drop and air velocity  
 
 
Table 5.5: Statistics from 4 Days of PDECT Operation Used in Uncertainty Calculations  
Statistic 
 
Predicted Air Velocity 
(fpm) 
Predicted ∆T 
(°F) 
Predicted Cooling 
(Btu) 
Average (X̄) 185.92 34.36 3716.17 
Standard Deviation (SD) 25.87 2.95 287.88 
Fractional Uncertainty (SD/X̄) 0.139  0.086  
Cooling Fractional Uncertainty   0.1635 
 
5.2 Regression Analysis for PHDCT 
The data recorded from the hybrid tower used in this regression analysis is equivalent to 
232 hours of operation or 2789 observations collected over 31 days. This included 26 days of 
tower operation during daytime under hot dry conditions (2141 observations), 2 days of no 
operation under hot dry conditions (252 observations), and 3 days of tower operation overnight 
under hot humid conditions (396 observations). Data excluded was that collected when the only 
cooling system operating in the tower was the heat exchanger and no evaporative cooling or fan 
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was running. Recoding applied to evaporative cooling water flow rate and fan operation was 
same as that applied to the single stage tower. Operating the heat exchanger was recoded to one 
dummy variable (heat exchanger on). The reference variable was having the heat exchanger off 
during hours of operation.  
 
5.2.1 Predicting Temperature Drop at PHDCT Outlet 
All 2789 observations were used to develop the equation that predicts temperature drop 
(∆T) at hybrid tower outlet. The independent variables were water flow rates through the 
evaporative cooling system (M1, M2, and M3), fan operation (F1), heat exchanger operation (HE1), 
ambient air dry-bulb temperature (TDBT, IN), ambient air wet-bulb depression (TWBD), and wind 
speed (WS). From the result of adjusted coefficient of determination listed in Table 5.5 below, it 
can be said that 95 percent of the variance in hybrid tower temperature drop can be explained by 
the independent variables. The overall fit of the regression is good since R2 and adjusted R2 are 
in line with each other, meaning that all independent variables are significant and should be part 
of the regression. All independent variables slope coefficients listed in Table 5.6 below are 
significant as well, with probability values equal to zero when calculated at 99 percent confidence 
level. 
Temperature drop had a direct correlation with water flow rate through the evaporative 
cooling system, a direct correlation with heat exchanger operation and an inverse correlation with 
fan operation. Running water through three misters decreased outlet temperatures on average 
35°F which was 7°F more than the 28°F average drop caused by operating three misters in the 
single stage tower. This was mainly due to lower wind speeds entering the tower and longer time 
of contact between air and water. Operating the heat exchanger further reduced temperatures at 
tower outlet by 10°F on average. During data collection, such temperature drops were 
consistently witnessed and at any chilled water flow rate running through the heat exchanger. 
Operating the fan increased outlet temperatures 1.2°F on average, which had a positive effect on 
data collected when fan was operating concurrently with evaporative cooling and heat exchanger, 
as it helped bring temperatures above comfort zone lower limit.  
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Wind speed had minimal impact on dry-bulb temperature when compared to the single 
stage tower with a slope coefficient of 0.0078. The wet-bulb depression had a slope coefficient of 
0.2256 which does not properly reflect evaporative efficiencies calculated when evaporative 
cooling was the only system running (approximately 90 percent when three misters were 
operating with fan). This was mainly due to incorporating sensible cooling into the regression 
analysis. Ambient air dry-bulb temperature had a negative slope coefficient, meaning that the 
higher it was, the lower the temperature drops would be. Equation 5.3 below predicts temperature 
drop by hybrid tower for ∆T that fall between -3°F and 55°F. Figure 5.6 below is a line fit plot that 
relates measured ∆T to ∆T that was predicted using the equation below, which shows a strong 
correlation between the two, with a coefficient of determination (R2) of 0.9508. 
 
Table 5.6: PHDCT Multiple Regression Statistics for ∆T 
Regression Statistics 
Coefficient of multiple correlation (multiple R) 0.9751 
Coefficient of determination (R2) 0.9508 
Adjusted coefficient of determination (adjusted R2) 0.9507 
Standard Error 3.3084 
Observations 2789 
 
Table 5.7: PHDCT Independent Variables Analysis for ∆T 
Independent Variables Coefficients Standard Error T statistic P-Value Lower 99% Upper 99% 
Intercept 13.9159 1.2870 10.8130 0.0000 10.5986 17.2332 
One mister (M1) 22.8738 0.2361 96.8619 0.0000 22.2651 23.4825 
Two misters (M2) 30.2403 0.2207 137.0303 0.0000 29.6715 30.8091 
Three misters (M3) 35.6508 0.2439 146.1554 0.0000 35.0220 36.2795 
Fan operation (F1) -1.2290 0.1486 -8.2731 0.0000 -1.6120 -0.8461 
Heat exchanger (HE1) 10.6377 0.1353 78.6058 0.0000 10.2889 10.9866 
Wind speed (WS) -0.0078 0.0003 -29.4907 0.0000 -0.0085 -0.0071 
Ambient air WBD (TWBD) 0.2256 0.0154 14.6802 0.0000 0.1860 0.2652 
Ambient air DBT (TDBT, IN) -0.1651 0.0169 -9.7615 0.0000 -0.2087 -0.1215 
 
 
Equation 5.4: ∆T from Hybrid Tower 
 
 ∆𝑻𝑷𝑯𝑫𝑪𝑻 = 𝟏𝟑. 𝟗𝟏𝟓𝟗  + 𝟐𝟐. 𝟖𝟕𝟑𝟖 × 𝑴𝟏 + 𝟑𝟎. 𝟐𝟒𝟎𝟑 × 𝑴𝟐  + 𝟑𝟓. 𝟔𝟓𝟎𝟖 × 𝑴𝟑 − 𝟏. 𝟐𝟐𝟗𝟎 × 𝑭𝟏  +
 𝟏𝟎. 𝟔𝟑𝟕𝟕 ×  𝑯𝑬𝟏 − 𝟎. 𝟎𝟎𝟕𝟖 × 𝑾𝑺 + 𝟎. 𝟐𝟐𝟓𝟔 × 𝑻𝑾𝑩𝑫 − 𝟎. 𝟏𝟔𝟓𝟏 × 𝑻𝑫𝑩𝑻,𝑰𝑵  
Where:  
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M1 = 1 when one mister is on; M1 = 0 when a different number of misters or no misters are on 
M2 = 1 when two misters are on; M2 = 0 when a different number of misters or no misters are on 
M3 = 1 when three misters are on; M3 = 0 when a different number of misters or no misters are on 
F1 = 1 when fan is on; F1 = 0 when fan is off 
HE1 = 1 when heat exchanger is on; HE1 = 0 when heat exchanger is off 
 
Figure 5.3: Measured Vs. Predicted ∆T In PHDCT 
 
5.2.2 Predicting Air Velocity at PHDCT Outlet 
All observations were used to develop the equation that predicts air velocity at tower 
outlet. Several combinations of independent variables were tested and those incorporated into 
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the equation were wind speed, wet bulb depression, water flow rates through the evaporative 
cooling system, heat exchanger operation, and fan operation. From the result of adjusted 
coefficient of determination listed in Table 5.7 below, it can be said that 83 percent of the variance 
in air velocity at tower outlet can be explained by the independent variables. The overall fit of the 
regression is good since R2 and adjusted R2 are in line with each other meaning that all 
independent variables are significant and should be part of the regression. All independent 
variables slope coefficients listed in Table 5.8 below were significant as well, with P-values equal 
to zero except for wind speed which had a probability value of 0.0002, when calculated at 99 
percent confidence level.  
 
Table 5.8: PHDCT Multiple Regression Statistics for Air Velocity 
Regression Statistics 
Coefficient of multiple correlation (multiple R) 0.9116 
Coefficient of determination (R2) 0.8311 
Adjusted coefficient of determination (adjusted R2) 0.8307 
Standard Error 14.8099 
Observations 2789 
 
Table 5.9: PHDCT Independent Variables Analysis for Air Velocity 
Independent Variables Coefficients Standard Error T statistic P-Value Lower 99% Upper 99% 
Intercept 122.0507 1.3499 90.4171 0.0000 118.5713 125.5301 
One mister (M1) 26.0527 1.0366 25.1330 0.0000 23.3807 28.7246 
Two misters (M2) 25.1486 0.9676 25.9904 0.0000 22.6545 27.6427 
Three misters (M3) 30.4002 1.0219 29.7498 0.0000 27.7663 33.0342 
Fan operation (F1) 55.4202 0.6487 85.4320 0.0000 53.7481 57.0923 
Heat exchanger (HE1) 6.4487 0.6048 10.6623 0.0000 4.8898 8.0077 
Wind speed (WS) -0.0044 0.0012 -3.6854 0.0002 -0.0074 -0.0013 
Ambient air WBD (TWBD) -1.0520 0.0376 -27.9562 0.0000 -1.1490 -0.9550 
 
Water flow rates through the evaporative cooling system had a direct correlation with air 
velocities at tower outlet. Like the single stage tower, increasing water flow had a slight impact on 
increasing air velocity, with a low of 25 fpm for one mister and a high of 30 fpm for three misters. 
Wind speeds had an inverse correlation with air velocities and a much smaller impact on outlet air 
velocities when compared to the single stage tower, which can be attributed to the reduced 
opening at the top of the tower shaft caused by the placement of the heat exchanger; thus, 
allowing for much lower volumes of winds to enter the tower. This caused the fan to have a larger 
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impact on outlet air velocities compared to the single stage tower, increasing it on average by 62 
fpm which is nearly identical the speed the fan generated when it was measured indoors. The 
change in velocities caused by adding the fan can be clearly visualized in Figure 5.8 below with 
the lower cluster of points being air velocities without a fan and the upper cluster being air 
velocities with a fan.  
Unexpectedly, wet-bulb depression had a strong inverse correlation with air velocity 
causing it to increase under humid conditions and decrease under dry conditions. This was 
clearly witnessed when the heat exchanger was the only system operating in the tower under hot 
humid conditions as it caused a low air flow down the tower shaft. When the heat exchanger was 
the only system operating under hot dry conditions, it had nearly no impact on air velocities, 
which was why it was recommended to operate it in conjunction with either evaporative cooling or 
fan or both. The heat exchanger alone was unable to generate enough down flow; thus, resulting 
in low cooling capacities and stack effect rather than a downdraft effect. Equation 5.4 below 
predicts air velocity at hybrid tower outlet for velocities that fall between 76 fpm and 240 fpm. 
Figure 5.8 below is a line fit plot that relates measured air velocities to those predicted using the 
equation below, which like the dry-bulb temperature analysis, shows a relatively strong correlation 
between the two, with a coefficient of determination (R2) of 0.8311. 
 
Equation 5.5: Air Velocity at Hybrid Tower Outlet 
 
𝑽𝑷𝑯𝑫𝑪𝑻,𝑶𝑼𝑻 = 𝟏𝟐𝟐. 𝟎𝟓𝟎𝟕  + 𝟐𝟔. 𝟎𝟓𝟐𝟕 × 𝑴𝟏 + 𝟐𝟓. 𝟏𝟒𝟖𝟔  × 𝑴𝟐  + 𝟑𝟎. 𝟒𝟎𝟎𝟐  × 𝑴𝟑 +
𝟓𝟓. 𝟒𝟐𝟎𝟐  × 𝑭𝟏 +  𝟔. 𝟒𝟒𝟖𝟕 ×  𝑯𝑬𝟏 −  𝟎. 𝟎𝟎𝟒𝟒 × 𝑾𝑺  −  𝟏. 𝟎𝟓𝟐𝟎 × 𝑻𝑾𝑩𝑫  
Where:  
M1 = 1 when one mister is on; M1 = 0 when a different number of misters or no misters are on 
M2 = 1 when two misters are on; M2 = 0 when a different number of misters or no misters are on 
M3 = 1 when three misters are on; M3 = 0 when a different number of misters or no misters are on 
F1 = 1 when fan is on; F1 = 0 when fan is off 
HE1 = 1 when heat exchanger is on; HE1 = 0 when heat exchanger is off 
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Figure 5.4: Measured Vs. Predicted Outlet Air Velocities In PHDCT 
 
5.2.3 Uncertainty in Cooling Calculations for PHDCT 
The uncertainty in the cooling supplied by the hybrid tower at the five-minute recording 
interval was calculated using Equation 5.3 above as well. The statistics in Table 5.10 below were 
from 4 days of tower operation in its best mode, which was when fan and heat exchanger were 
operating, and water was supplied to two misters (June 23 and 26) and three misters (June 24 
and 25). This is a total of 28 hours of operation or 339 observations. Results indicated that the 
relative uncertainty was 0.087 and the absolute uncertainty was ± 362.65 Btu. This was good and 
quite low, with fractional uncertainty from ∆T being the most impactful factor.  
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Table 5.10: Statistics from 4 Days of PHDCT Operation Used in Uncertainty Calculations  
Statistic 
 
Predicted Air Velocity 
(fpm) 
Predicted ∆T 
(°F) 
Predicted Cooling 
(Btu) 
Average (X̄) 167.25 42.52 4181.55 
Standard Deviation (SD) 2.32 3.64 387.36 
Fractional Uncertainty (SD/X̄) 0.014 0.086  
Cooling Fractional Uncertainty   0.087 
 
5.3 Predicting Towers Outlet Conditions at Full-Scale 
The study by Cheisa and Grosso (2015) demonstrated that outlet conditions measured 
from reduced scale physical models of single stage towers had a strong correlation with outlet 
conditions calculated using equations developed from data acquired through full-scale 
applications. This means reduced scale models could closely represent outlet conditions in a full 
scale PDECT. In addition, it was decided to predict changes in conditions at single stage tower 
outlet with change in tower enclosure dimensions by using results from Kang (2011). To 
understand the effects of change in tower height on outlet conditions, Kang used a computer 
model of simultaneous heat and mass transfer that he developed using general purpose 
commercial computational fluid dynamic (CFD) code. Kang analyzed four cases, each with a 
unique set of assumptions, as shown in Table 5.9 below. All his analysis assumed the use of a 
unidirectional tower inlet compared to a multi-directional inlet used in this study. Cases 2 and 3 
were used to interpret what change would occur if all dimensions of the single stage tower were 
doubled. These cases were selected because ambient conditions were nearly identical to each 
other, and tower cross section area from Case 3 was more than double what it was in Case 2.   
 
Table 5.11: Assumptions Made in Each Case Used to Understand Effect of Change in Tower 
Height on Outlet Conditions  
Case 
 
Inlet 
Area  
(ft2) 
Cross-section  
Area  
(ft2) 
Ambient  
DBT 
(°F) 
Ambient  
RH 
(%) 
Inlet  
Velocity 
(fpm) 
Water  
Flow 
(gal/h) 
1 33.6 67.2 106.7 30 275.59 13.2 
2 40.3 67.2 90.5 20 354.33 15.8 
3 75.3 171.6 95.0 20 344.49 13.2 
4 75.3 171.6 95.0 20 171.26 13.2 
Source: (Kang, 2011; Kang & Strand, 2016) 
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Based on results from computer model shown in Figure 5.5 below, velocities at tower 
outlet with smaller shaft cross section (Case 2), ranged approximately 60 fpm between tower 
heights of 10 ft to 45 ft. Velocities at tower outlet with larger shaft cross section (Case 3), had a 
similar range and outlet velocities were only an average of 10 fpm higher than those in the 
smaller cross section, which is approximately a 4 percent increase. Thus, for a tower double the 
size used in this experiment, it is expected that outlet air velocities will only slightly increase. 
 
Figure 5.5: Change in Outlet Air Velocity with Change in Tower Height 
Source: (Kang, 2011; Kang & Strand, 2016) 
 
Based on results from computer model shown in Figure 5.6 below, dry-bulb temperatures 
at tower outlet with smaller shaft cross section area (Case 2), ranged approximately 10 °F 
between tower heights of 10 ft to 45 ft, whereas temperatures only ranged 1 °F in the larger shaft 
cross section area (Case 3). This means that the evaporation in the latter occurs at the very top 
of the tower, whereas it continued to happen in the former. Thus, for a tower double the size used 
in this experiment, it is expected that outlet temperatures will be nearly the same.  
To reach these conclusions, several iterations will be required when building the single 
stage tower at full scale, to ensure that temperature drops, as well as air velocities, identical to 
those reached in this study (explained in Chapter 4 above), are maintained. These results are not 
applicable to the hybrid tower since patterns of outlet conditions were different; thus, full-scale 
experimentation will be required.  
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Figure 5.6: Change in Outlet Dry-bulb Temperature with Change in Tower Height  
Source: (Kang, 2011; Kang & Strand, 2016) 
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6. CONCLUSIONS 
One of the first courses I took at the start of my PhD studies was with Harvey Bryan in 
collaboration with Nader Chalfoun where we developed a design based on my master’s thesis 
work that passively cools Arizona State University Hayden Library entrance sunken courtyard. 
The proposal incorporated four PDECT that evaporatively cool the air with wetted pads and has a 
top discharge outlet. Attached to each tower were adaptive shading devices that deploy during 
the hot summer days to protect the courtyard from direct solar heat gain (Figure 6.1) and retract 
during the cooler summer nights to allow for heat absorbed by surfaces surrounding the courtyard 
to radiate to the night sky (Figure 6.2). Tower sizing calculations were performed in CoolT 
software developed by Nader Chalfoun and using annual hourly weather data for Phoenix, 
Arizona, as ambient conditions. Results indicated that when wet-bulb depression during the 
month of June was 35°F, the maximum temperature drop at towers outlets was 29°F and when 
wet-bulb depression during the month of July was 25°F, the temperature drop at outlets was 
20°F. While conducting the literature review, it was revealed that other studies achieved 
comparable results and temperature drops up to 30°F were witnessed.  
 
 
 
Figure 6.1: Proposal for Hayden Library 
Entrance Sunken Courtyard with Shading 
Devices Retracted 
 
Figure 6.2: Proposal for Hayden Library 
Entrance Sunken Courtyard with Shading 
Devices Deployed 
 
After this design exercise and the literature review, it was clear to me the importance of 
conducting an experimental evaluation which aims to confirm that such results are possible in a 
single stage tower and to advance passive downdraft cooling performance through some form of 
hybrid design. The study that was outlined in my dissertation prospectus mainly involved 
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computer simulation of single stage and hybrid towers to evaluate performance when attached to 
a single-family residence. Simulation results would be used to map climate applicability of PDC in 
the United States. This was followed by a proposal that Harvey Bryan and I submitted to the APS 
Endowment for Sustainable Design Research to obtain funding that would allow me to conduct an 
experimental evaluation on two tower designs, one was a conventional single stage tower and 
another was a hybrid tower. Fortunately, we were awarded the grant which allowed me to reorient 
the focus of my dissertation and pursue my original intentions.  
In my most optimistic predictions, I did not envision results at the single stage tower outlet 
to go beyond those mentioned in the literature when operating under hot dry conditions, 
especially since this reduced scale prototype was tested outdoors under the extreme ambient 
conditions that were recorded over the summer of 2017. Results from four days of running the 
single stage tower in its best operation mode of three misters and no fan operation indicated that 
it was possible to achieve average temperature drops of 35°F (5°F higher than what was reported 
in the literature) and average air velocities of 200 fpm. The main issue noted with the single stage 
tower was its inability to consistently maintain conditions within comfort limits even at the highest 
evaporative cooling water flow rate. I certainly did not expect that temperature drops from the 
hybrid tower would exceed temperature drops from the single stage tower when it only had 
evaporative cooling running at the same flow rate, but did expect air velocities to be lower. Two 
days of hybrid tower operation with three misters only and no sensible cooling or fan resulted in 
average temperature drops of 40°F, with air velocities of 100 fpm, half of what was recorded in 
the single stage tower.  
I did predict that the hybrid tower would outperform the single stage tower under these 
hot dry conditions when running the second stage of cooling; however, there were no clear 
predictions as to what extent the advancement in performance would be. Results from two days 
of operating the PHDCT with three misters + sensible cooling resulted in average temperature 
drops of 50°F while average air velocities remained low at 120 fpm. When the low flow fan was 
added to the hybrid tower, it then outperformed the single stage tower with average temperature 
drops of 45°F and average air velocities of 160 fpm; thus, generating cooling capacities identical 
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to the single stage tower, but with majority of the conditions lying in the lower portion of the 
comfort zone. Even during the hottest days of the summer, the hybrid tower consistently met 
performance criteria, and outlet temperatures were continuously below ambient air wet-bulb 
temperatures. 
Finally, most of the results from data collected under hot humid conditions were as 
expected. The limit of temperature drop at the single stage tower outlet was the ambient air wet-
bulb temperature, whereas temperatures at the hybrid tower outlet continued to drop beyond the 
wet-bulb. Air velocity patterns were identical to those observed under hot dry conditions in both 
towers. I did predict that cooling capacities for the single stage tower would drop, but not to 40 
percent what was calculated when operated under hot dry conditions. The hybrid tower cooling 
capacities remained the same between hot dry and hot humid conditions, which was as expected.  
These results can help advance the original design proposed for the Hayden Library 
entrance sunken courtyard by replacing the four single stage towers with hybrid towers. The form 
of the courtyard can address one of the known limitations of this study, which was the inability of 
the experiment setup to contain the cooled air exiting the tower; hence, estimating conditions 
within a space being cooled by a passive downdraft cooling tower was not possible. This can be 
clearly witnessed in the towers temperature gradient illustrated in Figure 6.3 below, which was 
developed based on data collected under hot dry conditions. Most of the cooling happens in the 
upper portion of the towers shafts, reaching the maximum drops at the bottom of the shafts. After 
the 90-degree bend, temperatures rapidly rise again until they return to ambient temperatures a 
few feet away from tower outlet.  
The 15 ft decline in elevation required to enter the Hayden Library courtyard, coupled 
with the shading devices in their deployed position, create a volume to contain the cooled air, also 
known as a “cool pit”. The cooled air will accumulate in the courtyard and create temperatures 
much lower than ambient temperatures. Based on the results from this study, the predicted 
temperature gradient for the courtyard with hybrid towers operating under hot dry conditions is 
illustrated in Figure 6.4 below. This location is ideal to test the ability of this system to cool 
outdoor spaces at full scale. 
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Figure 6.3: Temperature Gradient for PDECT (Left) and PHDCT (Right) Under Hot Dry 
Conditions 
 
 
Figure 6.4: North-South Section Illustrating Predicted Temperature Gradient in Hayden Library 
Sunken Courtyard with Hybrid Towers Operating Under Hot Dry Conditions 
 
6.1 Answering the Research Questions  
The questions related to understanding the difference in performance between the single 
stage tower (PDECT) and the hybrid tower (PHDCT) are revisited and answered below: 
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1. How will performance of PDECT and PHDCT compare to each other under hot dry 
conditions when evaporative cooling is the only system operating in both towers? 
H1: The PDECT will record higher levels of performance under hot dry conditions.  
This hypothesis was true, but highly influenced by ambient air dry-bulb 
temperatures. When these temperatures were below 115°F and three misters 
were operating, the single stage tower consistently recorded 4 tons of cooling 
and 100 percent of the conditions fell within comfort limits. When ambient 
temperatures raised above 115°F, this tower still achieved high cooling 
capacities but was inconsistent in maintaining conditions within comfort limits. 
Adding the fan to the hybrid tower helped increase cooling capacities and bring 
them within 0.5 tons from the single stage tower capacity but with more 
conditions within comfort limits. Adding the fan to the single stage tower had 
nearly no impact on cooling capacity and a negative impact on outlet conditions 
as more recordings moved beyond the comfort zone upper limits. 
2. How will operating the second stage of sensible cooling concurrently with evaporative 
cooling affect performance of PHDCT, and how will the hybrid tower compare to the 
single stage tower under hot dry conditions? 
H2: The second stage of sensible cooling will advance performance of PHDCT and 
result in levels of performance higher than those observed in the PDECT. 
The first part of the hypothesis was true as operating the heat exchanger 
concurrently with evaporative cooling added approximately 1 ton of capacity and 
brought most outlet conditions below comfort zone lower limit even during the 
high ambient temperatures recorded on June 19 and 20, 2017. Operating the 
heat exchanger and the fan concurrently with evaporative cooling added 
approximately 2 tons of capacity and brought most outlet conditions within 
comfort zone limits. This pattern was observed in the hybrid tower in all 
evaporative cooling water flow rates.  
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The second part of the hypothesis was partly true. Operating the heat exchanger 
concurrently with evaporative cooling did not create higher levels of performance 
when compared to single stage tower operating without the fan (its best 
performance). It was when the heat exchanger and the fan were concurrently 
operating with evaporative cooling that performance from the hybrid tower 
surpassed performance from the single stage tower. This pattern was observed 
in all evaporative cooling water flow rates as well. 
3. How will performance of PDECT change under hot humid conditions when compared 
to its own performance under hot dry conditions?  
H3: PDECT performance will decrease in comparison with its own performance under 
hot dry conditions. Outlet temperatures will not drop below ambient air wet-bulb 
temperatures as cooled air approaches full saturation.  
The first part of the hypothesis was true. Performance of the single stage tower 
decreased in comparison with its own performance under hot dry conditions as 
cooling capacity when three misters were operating only reached 1.6 tons 
compared to the average 4.0 tons reached when operating under hot dry 
conditions. The second part of the hypothesis was true as well. Tower outlet 
temperatures would not drop below ambient air wet-bulb temperatures which is 
common in the evaporative cooling process. Average temperature drops from 
three misters operating were only 17°F in hot humid conditions vs. 35°F in hot 
dry conditions. These lower delta temperatures resulted in a significant decline in 
tower cooling capacity as air velocities were nearly identical under both 
conditions. 
4. How will performance of PHDCT change under hot humid conditions when compared 
to its own performance under hot dry conditions with no evaporative cooling 
operating? 
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H4: PHDCT performance will increase in comparison with its own performance under 
hot dry conditions. Temperatures at tower outlet will continue to drop beyond ambient 
air wet-bulb temperature without adding moisture to the air. 
The first part of the hypothesis was false. Performance of the hybrid tower 
remained nearly identical in comparison with its own performance under hot dry 
conditions. Maximum cooling capacity reached was approximately 1.1 tons with 
heat exchanger and fan in operation which was similar to the 1.0 ton capacity 
reached under hot dry conditions. The second part of the hypothesis was true. 
Tower outlet temperatures continued to drop beyond ambient air wet-bulb 
temperatures which is common in the sensible cooling process. Average 
temperature drops were nearly identical under hot humid and hot dry conditions 
(12°F) even though tower inlet temperatures during humid days were lower than 
those recorded during dry days. Due to similar temperature drops and similar 
tower outlet air velocities, cooling capacities remained nearly the same. 
5. How will performance of PDECT and PHDCT compare to each other under hot humid 
conditions with no evaporative cooling operating in the hybrid tower?  
H5: The PHDCT will record higher levels of performance under hot humid conditions. 
This hypothesis was partly true. Although performance of the single stage tower 
significantly declined, it still achieved cooling capacities that were approximately 
0.5 tons higher than those achieved in the hybrid tower, mainly due to higher air 
velocities at the outlet. The hybrid tower maintained levels of performance similar 
to those recorded under hot dry conditions (1.0 ton) and temperatures continued 
to drop beyond ambient air wet-bulb temperatures. The ability of the hybrid to 
maintain its performance is why it outperforms the single stage tower under these 
conditions. 
6. How will total water consumption of the proposed systems compare to water 
consumed by electric powered AC that achieves same amount of cooling achieved 
by the towers? 
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H6: Water consumption by PHDCT and PDECT will be less than water consumed by 
electric powered AC to provide the same amount of cooling provided by the towers. 
This hypothesis was true. The single stage tower site water consumption under 
hot dry conditions was AT LEAST 2 TIMES LOWER than source water required 
by electric powered AC to provide same amount of cooling provided by the tower. 
Under hot humid conditions, tower site water consumption was only 1.5 TIMES 
LOWER than source water required by electric powered AC because tower 
performance declined under these conditions. 
Since it was assumed that the hybrid tower uses a closed loop system for the 
heat exchanger, it only consumed water when its evaporative cooling system 
was operating. Under hot dry conditions, this was AT LEAST 2 TIMES LOWER 
than source water required by electric powered AC to provide same amount of 
cooling provided by the tower. Under hot humid conditions, it consumed no water 
since evaporative cooling was turned off. 
7. How will adding forced ventilation affect performance in PDECT and PHDCT? 
H7: Adding forced ventilation will equally increase air velocity at towers outlets 
causing an equal impact on performance in both towers. Comparative analysis 
between the two designs will remain unchanged. 
This hypothesis was false. The fan did cause an increase in average air 
velocities at towers outlets but this increase was lower in the single stage tower 
with nearly no impact on cooling capacity and higher in the hybrid tower with an 
addition of 1.0 ton of cooling. This difference was mainly due to the inlet design 
of the former which already allows for larger volumes of air at higher wind speeds 
to enter the tower. 
 
6.2 Future Work 
The promising results from this study spurred multiple ideas for future research which will 
further the understanding developed on PDC and address limitations in current research scope. 
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These studies will involve experimental evaluation, since it is the most accurate in imitating real-
life performance. All these studies require obtaining further funding and a larger space to set up 
and perform the following experiments: 
1. Measure conditions inside a space that is cooled by PDC systems tested in this 
study. To do this, a structure that represents a typical single-family residence coupled 
with a PDECT and a PHDCT which can operate separately, would be built at full-
scale. The two-story single family detached residential prototype building by the 
Pacific Northwest National Laboratory (PNNL) is suggested. The reason for 
proposing a single-family residence as a building typology for the test is its extensive 
use in the past to evaluate passive cooling systems performances, such as the 
Tucson Test House by Cunningham and Thompson and the “Skytherm” Test House 
by Harold Hay. Additionally, it is relatively small in scale which makes it manageable 
to build. This setup would allow for simultaneous measurement of conditions at 
multiple locations inside the space and identify if the towers are able to maintain 
conditions indoors at similar levels to those reported in this study at towers outlets.  
2. Understand the impact that the change in tower effective height has on outlet 
conditions of the single stage and hybrid tower. To do this, three towers would be 
built outdoors for each type at three different shaft effective heights, while maintaining 
the same proportions relative to each other. One of the towers would be built at the 
effective height used in this study (7.5 ft), another at half the height (4 ft), and a third 
at double the height (15 ft). This setup would allow for simultaneous measurement of 
conditions at tower outlet when exposed to identical ambient conditions. 
3. Explore multiple design iterations for a closed loop system that passively cools the 
water in the hybrid tower heat exchanger by connecting it to second heat exchanger. 
This has been theoretical evaluation of similar systems found in the literature, but no 
experimental evaluation in a passive downdraft cooling tower setup. studies include 
connecting a ground coupled heat exchanger to a cooling coil that precools air 
entering a direct evaporative cooler (Heidarinejad, Khalajzadeh, & Delfani, 2010). 
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Another example connects a nocturnal radiative cooler to a cooling coil that precools 
air entering a direct evaporative cooler (Heidarinejad, Farmahini-Farahani, & Delfani, 
2010). A third example connects a multi-step nocturnal radiative cooler to a cooling 
coil that precools air entering a two-stage evaporative cooler (Farmahini-Farahani & 
Heidarinejad, 2012).  
Rock beds have been used in the past to precool air entering a direct evaporative 
cooling system (J. Cook, 1983). Coupling the heat exchanger used in the hybrid 
tower to a pipe system which circulates through a rock bed could be another 
approach. During nighttime, the water in the exchanger would be precooled by 
circulating it through the pipes in the rock bed, and rocks would be cooled using 
direct evaporation. After that, the cooled water would be stored in a tank and 
circulated through the heat exchanger during the daytime; thus, precooling the air 
entering the hybrid tower. Performance of these different proposed variations would 
need to be calculated prior to deciding which iteration(s) to build and test. Based on 
results from the study explained in this dissertation, maintaining temperatures of 
water entering the heat exchanger between the high forties and low fifties would be 
adequate to achieve tower outlet conditions identical to those recorded in this study.   
4. Explore multiple design iterations that utilize passive downdraft cooling as a 
supplement to other passive cooling systems. One example could be attaching PDC 
to an enclosed space with high thermal mass. In this configuration, PDC would 
operate during the nighttime to flush away the heat absorbed by the mass during the 
previous day, which helps precool it in preparation to absorb heat the next day. The 
prototype building proposed above could be designed to accommodate for 
interchangeable surfaces, which would allow for switching between surfaces that 
have low and high thermal mass. 
5. Explore multiple design iterations that utilize passive downdraft cooling as a 
supplement to active cooling systems. One example could be using PDC to precool 
air entering a vapor-compression refrigeration system, which would reduce 
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compressor work by lowering the temperature of the air passing over cooling coil; 
thus, reducing source water consumption and minimizing impact on electric grid 
during peak hours.     
6. Understand user perception of the hybrid tower proposed in this study when used to 
cool an interior space through conducting a post occupancy evaluation. Several 
examples of such evaluations have been done on spaces with PDECT (Ford et al., 
1998; Schiano-Phan, 2012; Thomas & Baird, 2006; P. Torcellini et al., 2005)  and to 
the best of the author’s knowledge, none exist for spaces with PHDCT, only for 
atrium spaces with hybrid downdraft cooling (Ford, 2002). This evaluation can be 
done in the prototype building proposed above. It can also be done in an existing 
space by building a full-scale tower attached to the space or by converting existing 
building elements such as chimneys, mosque minarets, or church towers, attached to 
an existing space, into a hybrid tower. 
7. Understand how to control the different operation modes of the hybrid tower to 
respond to ambient conditions (dry-bulb temperature, relative humidity, and air 
velocity) through automation; thus, minimizing water consumption. This would include 
automating evaporative cooling water flow rate (zero, low, medium, and high water 
flows), automating chilled water flow rate (zero, low, medium, and high water flows), 
and automating fan speed (zero, low, and high fan speeds). As a result, the hybrid 
tower would be able to operate in 48 different combinations to meet comfort 
requirements. This automated system can be built and tested in the hybrid tower 
attached to the prototype building proposed above. 
8. Evaluate performance of PHDCT when operating in different climate regions. To do 
this, the exact experiment setup used in this study would be built in multiple regions 
with different climate characteristics and the collected data would be used to estimate 
performance. One proposed region includes the Inland Northwest (climate zone 5B) 
which is where the author currently works and the U.S. Southeast (climate zone 1A).  
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9. Develop a mathematical model for the hybrid tower using equations of 
thermodynamics, and use the data collected from this study to validate the model.  
Other areas of future research involve addressing issues witnessed in this study during 
data collection and data analysis which were as follows:  
1. Implement a system that immediately removes the unevaporated water from the 
misting system during hot dry and hot humid days, and the moisture condensing on 
the heat exchanger during hot humid days, which were accumulating at the towers 
bases, to avoid increased humidity levels at towers outlets. During this study, water 
was removed manually from the base at the end of each day of operation in 
preparation for the next day of data collection. 
2. Consider more advanced water filtration systems other than that provided with the 
misting system and used in this study, since it was noticed that hard minerals in the 
unevaporated water were accumulating on the towers interior surfaces. Further 
filtering the water supplied to the towers will extend the system’s life expectancy and 
minimize maintenance routines.  
3. Cover tower interior surfaces with plastic liner to seal the structural frame and protect 
it from the negative effects of Tempe’s hard water. It is expected that this addition will 
result in increased air flow inside towers and at towers outlets.  
4. Better understand capital cost of the hybrid tower and how to minimize it as much as 
possible, specifically the closed loop sensible cooling system. The heat exchanger 
used in this study was a donation and the chilled water circulating through it was 
supplied from the university system. Thus, future research would involve properly 
sizing this system so that it provides the necessary drops in water temperature and 
operates on minimum running cost.  
5. The amount of electricity consumed to cool water and circulate it through the hybrid 
tower heat exchanger was unaccounted for. This needs to be calculated and source 
water consumption needs to be added to hybrid tower site water consumption when 
misters were operating; thus, increasing water consumption by the tower. 
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6.3 Final Remarks 
This study demonstrated the tremendous potential of PDC in general and hybrid 
downdraft cooling in specific. It spurred multiple ideas for future research discussed above, one of 
which includes revisiting the PDECT design for the Hayden Library entrance sunken courtyard 
illustrated above and converting it into a hybrid tower that takes advantage of the chilled water 
available on campus. The hybrid tower design proposed in this study will require further iterations 
at full-scale to ensure proper implementation and that average temperature drops are maintained 
identical to what was recorded in this study at 45°F to 50°F, while concurrently supplying larger 
volumes of air due to a larger tower height and cross-section area. The author expects that the 
outcomes from this study will act as an incentive for designers to consider incorporating PDC into 
their designs as a viable replacement/supplement to AC; thus, reducing the impact of the built 
environment on the natural environment. 
  
 159 
 
REFERENCES 
4240architecture. (2016). The Pavilion at Laurel Village. Retrieved April 14, 2016, from 
http://www.4240architecture.com/projects#/the-pavilion-at-laurel-village-1/ 
Al-Hemiddi, N. A. M. (1995). Passive cooling systems applicable for buildings in the hot-dry 
climate of Saudi Arabia. University of California Los Angeles. 
Al-Saud, K. A. M., & Al-Hemiddi, N. A. M. (1999). Cooling Towers and their Effect on Mosque 
Thermal Performance Case Study: Al-Rahmania Mosque Al-Jouf. In Proceedings of the 
Symposium on Mosque Architecture. (pp. 25–40). Riyadh, Kingdom of Saudi Arabia: 
College of Architecture & Planning, King Saud University. 
Alvarez, S., Cejudo, J. M., Rodriguez, E. A., & Guetra, J. (1991). Full-Scale Experiments in 
EXPO’92. The Bioclimatic Rotunda. In Proceedings of PLEA’ 91, Architecture and Urban 
Space (pp. 209–216). Seville, Spain: Kluwer Academic Publishers. 
Alvarez, S., Rodriguez, E. A., & Molina, J. L. (1991). The Avenue of Europe at EXPO’92: 
Application of cool towers. In Proceedings of PLEA’ 91, Architecture and Urban Space (pp. 
195–201). Seville, Spain: Kluwer Academic Publishers. 
American Society of Heating Refrigerating Air-Conditioning Engineers. (2009). 2009 ASHRAE 
handbook fundamentals. (Inch-pound ed.). Atlanta, GA: ASHRAE. 
Arizona Department of Water Resources. (2015). Residential Home Page. Retrieved June 27, 
2016, from 
http://www.azwater.gov/AzDWR/StatewidePlanning/Conservation2/Residential/Residential_
Home2.htm 
Badran, A. A. (2003). Performance of cool towers under various climates in Jordan. Energy and 
Buildings, 35(10), 1031–1035. https://doi.org/10.1016/S0378-7788(03)00067-7 
Bahadori, M. N. (1978). Passive Cooling Systems in Iranian Architecture. Scientific American, 
238(2), 144–152. Retrieved from http://www.scientificamerican.com/article/passive-cooling-
systems-in-iranian/ 
Bahadori, M. N. (1985). An improved design of wind towers for natural ventilation and passive 
cooling. Solar Energy, 35(2), 119–129. https://doi.org/10.1016/0038-092X(85)90002-7 
Bahadori, M. N. (1994). Viability of wind towers in achieving summer comfort in the hot arid 
regions of the middle east. Renewable Energy, 5(5–8), 879–892. 
https://doi.org/10.1016/0960-1481(94)90108-2 
Bahadori, M. N., Mazidi, M., & Dehghani, A. R. (2008). Experimental investigation of new designs 
of wind towers. Renewable Energy, 33(10), 2273–2281. 
https://doi.org/10.1016/j.renene.2007.12.018 
Belarbi, R., Ghiaus, C., & Allard, F. (2006). Modeling of water spray evaporation: Application to 
passive cooling of buildings. Solar Energy, 80(12), 1540–1552. 
https://doi.org/10.1016/j.solener.2006.01.004 
Botha, D., & Dobson, R. (2010). Solar Chimney Augmented Passive Downdraught Evaporative 
Cooling System. In Proceedings of the First Annual CRSES Student Conference. Retrieved 
from http://www.crses.sun.ac.za/service-conferences#2011 
 160 
 
Bouchahm, Y., Bourbia, F., & Belhamri, A. (2011). Performance analysis and improvement of the 
use of wind tower in hot dry climate. Renewable Energy, 36(3), 898–906. 
https://doi.org/10.1016/j.renene.2010.08.030 
Bowman, N., Lomas, K., Cook, M. J., Eppel, H., Ford, B., Hewitt, M., … Belarbi, R. (1997). 
Application of passive downdraught evaporative cooling (PDEC) to non-domestic buildings. 
Renewable Energy, 10(2–3), 191–196. https://doi.org/10.1016/0960-1481(96)00062-6 
Bryan, H. (2004). Water Consumption of Passive and Hybrid Cooling Strategies in Hot Dry 
Climates. In Proceedings of 33rd American Solar Energy Society (ASES) and the 29th 
National Passive Solar Annual Conference. Portland, Oregon. 
Calautit, J. K., Chaudhry, H. N., Hughes, B. R., & Ghani, S. A. (2013). Comparison between 
evaporative cooling and a heat pipe assisted thermal loop for a commercial wind tower in 
hot and dry climatic conditions. Applied Energy, 101, 740–755. 
https://doi.org/10.1016/j.apenergy.2012.07.034 
Calautit, J. K., & Hughes, B. R. (2016). A passive cooling wind catcher with heat pipe technology: 
CFD, wind tunnel and field-test analysis. Applied Energy, 162, 460–471. 
https://doi.org/10.1016/j.apenergy.2015.10.045 
Calautit, J. K., Hughes, B. R., Chaudhry, H. N., & Ghani, S. A. (2013). CFD analysis of a heat 
transfer device integrated wind tower system for hot and dry climate. Applied Energy, 112, 
576–591. https://doi.org/10.1016/j.apenergy.2013.01.021 
Chakraborty, J., & Fonseca, E. (2005). Analysis and Evaluation of a Passive Evaporative Cool 
Tower in conjunction with a Solar Chimney. In Proceedings of 22nd International PLEA 
Conference. Retrieved from https://stardust.asu.edu/docs/stardust/passive-evaporative-
cooler/full-report.pdf 
Chalfoun, N. V. (1997). Design and Application of Natural Down-Draft Evaporative Cooling 
Devices. In Proceedings of 26th American Solar Energy Society (ASES) and the 22nd 
National Passive Solar Annual Conference. Washington D.C., U.S.A. Retrieved from 
http://hed.arizona.edu/hed/docs/ASES-97.pdf 
Chatterjee, A., & Lenart, M. (2007). Water-Energy Trade-Offs Between Swamp Coolers and Air 
Conditioners. Sowthwest Hydrology, 6(5), 28–32. Retrieved from 
http://www.climas.arizona.edu/sites/default/files/pdfwater-energy-trade-offs-between-
swamp-coolers-and-air-conditioners.pdf 
Chaudhry, H. N., Calautit, J. K., & Hughes, B. R. (2015). Computational analysis of a wind tower 
assisted passive cooling technology for the built environment. Journal of Building 
Engineering, 1, 63–71. https://doi.org/10.1016/j.jobe.2015.03.004 
Chiesa, G., & Grosso, M. (2015). Direct evaporative passive cooling of building. A comparison 
amid simplified simulation models based on experimental data. Building and Environment, 
94, 263–272. https://doi.org/10.1016/j.buildenv.2015.08.014 
Cook, J. (1983). Rock bed Design and Construction for Heating and Cooling. Passive and Low 
Energy Architecture. Elsevier. https://doi.org/10.1016/B978-0-08-030581-3.50048-7 
Cook, J. (1989). Passive Cooling. Solar heat technologies. Cambridge, Mass.: MIT Press. 
Cook, M. J., Robinson, D., Lomas, K. J., Bowman, N. T., & Eppel, H. (2000). Passive 
Downdraught Evaporative Cooling: II. Airflow Modelling. Indoor and Built Environment, 9(6), 
325–334. https://doi.org/10.1177/1420326X0000900604 
 161 
 
Cooper, G. (1998). Air-conditioning America: engineers and the controlled environment, 1900-
1960. Johns Hopkins studies in the history of technology. Baltimore: Johns Hopkins 
University Press. 
Corney, A. (2012). Passive Downdraft Systems: A Vision for Ultra-Low Energy Heating, Cooling 
and Ventilation. In ACEEE Summer Study on Energy Efficiency in Buildings (Vol. 13, pp. 
52–64). Pacific Grove, California, U.S.A.: American Council for an Energy-Efficient 
Economy. Retrieved from http://aceee.org/files/proceedings/2012/start.htm 
Corney, A. (2013). Passive Downdraft in California: De Anza College Media and Learning Center. 
In Proceedings of 29th International PLEA Conference: Sustainable Architecture for a 
Renewable Future. Munich, Germany. 
Corney, A., & Taniguchi, T. (2011). Performance Analysis Methods for Passive Downdraft HVAC 
Systems. In Proceedings of the 12th Conference of International Building Performance 
Simulation Association (pp. 177–184). Sydney, Australia. 
Cox, S. (2010). Losing our cool: uncomfortable truths about our air- conditioned world (and 
finding new ways to get through the summer). New York: New Press. 
Cox, S. (2012a). Climate risks heat up as world switches on to air conditioning. Retrieved June 
21, 2015, from http://www.theguardian.com/environment/2012/jul/10/climate-heat-world-air-
conditioning?newsfeed=true 
Cox, S. (2012b). Cooling a Warming Planet: A Global Air Conditioning Surge. Retrieved June 20, 
2015, from 
http://e360.yale.edu/feature/cooling_a_warming_planet_a_global_air_conditioning_surge/25
50/ 
Cunningham, W. A., Mignon, G. V, & Thompson, T. L. (1987). Establish Feasibility for Providing 
Passive Cooling with Solar Updraft and Evaporative Downdraft Chimneys. Final Report. 
Tucson, Arizona. 
Cunningham, W. A., & Thompson, T. L. (1986). Passive cooling with natural draft cooling towers 
in combination with solar chimneys. In Proceedings of PLEA’ 86, Passive and Low Energy 
Architecture (pp. 23–34). Pecs, Hungary: Hungarian Ministry of Industry. 
Dahl, R. (2013). Cooling concepts: Alternatives to Air Conditioning for a Warm World. 
Environmental Health Perspectives, 121(1), 18–25. Retrieved from 
http://ehp.niehs.nih.gov/121-a18/ 
De Melo, A. C. M., & Guedes, M. C. (2006). Passive Downdraught Evaporative Cooling Applied 
on Existing Fabric: Using Traditional Chimney as Case Study in Portugal. In Proceedings of 
23rd International PLEA Conference. Geneva, Switzerland. Retrieved from 
http://www.unige.ch/cuepe/html/plea2006/Vol1/PLEA2006_PAPER129.pdf 
DesignInc. (2006). Council House 2 (CH2), City of Melbourne. Retrieved from 
http://www.designinc.com.au/portfolio/commercial-workplace/ch2-melbourne-city-council-
house-2 
Ecosistema Urbano. (2007). Eco Boulevard. Retrieved June 6, 2015, from 
http://ecosistemaurbano.com/portfolio/eco-boulevard/ 
EHDD Architecture. (2004). Department of Global Ecology, Carnegie Institution for Science. 
Retrieved September 8, 2017, from http://www.ehdd.com/work/ucstanford-department-of-
global-ecology 
 162 
 
Elzaidabi, A. A. M. (2009). Low energy, wind catcher assisted indirect-evaporative cooling system 
for building applications. The University of Nottingham. 
Emmegi Heat-Exchangers. (2017). Emmegi Heat-Exchangers Mobile Oil Coolers Elements. 
Retrieved from http://emmegiinc.com/wp-content/uploads/2014/06/2000K-E-Series-Coolers-
R1.pdf 
Erell, E., Pearlmutter, D., & Etzion, Y. (2008). A multi-stage down-draft evaporative cool tower for 
semi-enclosed spaces: Aerodynamic performance. Solar Energy, 82(5), 420–429. 
https://doi.org/10.1016/j.solener.2007.10.010 
Farmahini-Farahani, M., & Heidarinejad, G. (2012). Increasing effectiveness of evaporative 
cooling by pre-cooling using nocturnally stored water. Applied Thermal Engineering, 38, 
117–123. https://doi.org/10.1016/j.applthermaleng.2012.01.023 
Ford, B. (2001). Passive downdraught evaporative cooling: principles and practice. Arq: 
Architectural Research Quarterly, 5(3), 271–280. 
https://doi.org/10.1017/S1359135501001312 
Ford, B. (2002). Passive Downdraught Evaporative Cooling ( PDEC ) applied to the central atrium 
space within the New Stock Exchange in Malta. Retrieved from 
http://www.managenergy.net/download/nr35.pdf 
Ford, B., Patel, N., Zaveri, P., & Hewitt, M. (1998). Cooling without air conditioning: The Torrent 
Research Centre, Ahmedabad, India. Renewable Energy, 15(1–4), 177–182. 
https://doi.org/10.1016/S0960-1481(98)00150-5 
Ford, B., Schiano-Phan, R., & Francis, E. (2010). The architecture & engineering of downdraught 
cooling: a design sourcebook. PHDC Press. 
Ford, B., Wilson, R., Gillott, M., Ibraheem, O., Salmeron, J. M., & Sanchez, F. J. (2012). Passive 
downdraught evaporative cooling: performance in a prototype house. Building Research and 
Information : The International Journal of Research, Development and Demonstration, 
40(3), 290–304. Retrieved from 
http://www.tandfonline.com.ezproxy1.lib.asu.edu/doi/abs/10.1080/09613218.2012.669908 
Foster + Partners. (2010). Masdar Institute. Retrieved June 7, 2015, from 
http://www.fosterandpartners.com/projects/masdar-institute/ 
Givoni, B. (1991). Performance and applicability of passive and low-energy cooling systems. 
Energy and Buildings, 17(3), 177–199. https://doi.org/10.1016/0378-7788(91)90106-D 
Givoni, B. (1993). Semiempirical model of a building with a passive evaporative cool tower. Solar 
Energy, 50(5), 425–434. https://doi.org/10.1016/0038-092X(93)90064-U 
Givoni, B. (1994). Passive and low energy cooling of buildings. New York: Van Nostrand 
Reinhold. 
Givoni, B. (1997). Performance of the “shower” cooling tower in different climates. Renewable 
Energy, 10(2–3), 173–178. https://doi.org/10.1016/0960-1481(96)00059-6 
Givoni, B. (1998). Climate considerations in building and urban design. New York: Van Nostrand 
Reinhold. 
Glassman, E., Love, A., & Pal, D. (2010). A Really cool wall: passive cooling building skin for a 
school in Phoenix. Retrieved June 5, 2015, from http://www.elliot-
glassman.com/index.php?/projects/phoenix-school/ 
 163 
 
Gokarakonda, S., & Kokogiannakis, G. (2014). Integrated dehumidification and downdraught 
evaporative cooling system for a hot-humid climate. In Proceedings of 30th International 
PLEA Conference (pp. 205–212). Ahmedabad. Retrieved from http://www.plea2014.in/wp-
content/uploads/2014/12/Paper_6B_2637_PR.pdf 
Grondzik, W. T., & Kwok, A. G. (2015). Mechanical and electrical equipment for buildings (12th 
ed.). Hoboken, N.J.: Wiley. 
Heidarinejad, G., Bozorgmehr, M., Delfani, S., & Esmaeelian, J. (2009). Experimental 
investigation of two-stage indirect/direct evaporative cooling system in various climatic 
conditions. Building and Environment, 44(10), 2073–2079. 
https://doi.org/10.1016/j.buildenv.2009.02.017 
Heidarinejad, G., Farmahini-Farahani, M., & Delfani, S. (2010). Investigation of a hybrid system of 
nocturnal radiative cooling and direct evaporative cooling. Building and Environment, 45(6), 
1521–1528. https://doi.org/10.1016/J.BUILDENV.2010.01.003 
Heidarinejad, G., Khalajzadeh, V., & Delfani, S. (2010). Performance analysis of a ground-
assisted direct evaporative cooling air conditioner. Building and Environment, 45(11), 2421–
2429. https://doi.org/10.1016/j.buildenv.2010.05.009 
Ibraheem, O., & Ford, B. (2012). The feasibility of passive downdraught evaporative cooling for 
high-rise office buildings in Cairo. Architectural Science Review, 55(4), 307–319. 
https://doi.org/10.1080/00038628.2012.722071 
Ibrahim, E., Shao, L., & Riffat, S. B. (2003). Performance of porous ceramic evaporators for 
building cooling application. Energy and Buildings, 35(9), 941–949. 
https://doi.org/10.1016/S0378-7788(03)00019-7 
Institute of Energy and Sustainable Development. (2004). Application of Passive Downdraught 
Evaporative Cooling (PDEC) to Non-Domestic Buildings. Retrieved September 27, 2015, 
from http://www.iesd.dmu.ac.uk/contract_research/projects/pdec.htm 
Isaac, M., & van Vuuren, D. P. (2009). Modeling global residential sector energy demand for 
heating and air conditioning in the context of climate change. Energy Policy, 37(2), 507–
521. https://doi.org/10.1016/j.enpol.2008.09.051 
Issa, R., & Chang, B. (2012). Performance prediction of a multi-stage wind tower for indoor 
cooling. Journal of Thermal Science, 21(4), 327–335. https://doi.org/10.1007/s11630-012-
0551-4 
Iyer, M., & Ford, B. (2012). Passive downdraught cooling for schools in India: a study on Iira 
International School in Baroda, Gujarat, India. Architectural Science Review, 55(4), 287–
306. https://doi.org/10.1080/00038628.2012.722072 
Kang, D. (2011). Advances in the application of passive down-draft evaporative cooling 
technology in the cooling of buildings. (R. K. Strand, Ed.), ProQuest Dissertations and 
Theses. University of Illinois at Urbana-Champaign, United States - Illinois. 
Kang, D., & Strand, R. K. (2009). Simulation of passive down-draught evaporative cooling 
(PDEC) systems in ENERGYPLUS. In Proceedings of the Eleventh International IBPSA 
Conference (pp. 369–376). Glasgow, Scotland. Retrieved from 
http://www.ibpsa.org/proceedings/BS2009/BS09_0369_376.pdf 
Kang, D., & Strand, R. K. (2013). Modeling of simultaneous heat and mass transfer within passive 
down-draft evaporative cooling (PDEC) towers with spray in FLUENT. Energy and 
Buildings, 62, 196–209. https://doi.org/10.1016/j.enbuild.2013.02.039 
 164 
 
Kang, D., & Strand, R. K. (2016). Significance of parameters affecting the performance of a 
passive down-draft evaporative cooling (PDEC) tower with a spray system. Applied Energy, 
178, 269–280. https://doi.org/10.1016/j.apenergy.2016.06.055 
Kreider, J. F., Curtiss, P. S., & Rabl, A. (2010). Heating and cooling of buildings: design for 
efficiency, rev. 2d ed. Boca Raton, Florida: CRC Press, Tylor and Francis Group. 
Lahn, G., & Stevens, P. (2011). Burning oil to keep cool: the hidden energy crisis in Saudi Arabia. 
Retrieved from 
http://www.chathamhouse.org/sites/files/chathamhouse/public/Research/Energy%2C 
Environment and Development/1211pr_lahn_stevens.pdf 
Lewis Thompson, T., Chalfoun, N. V., & Yoklic, M. R. (1994). Estimating the performance of 
natural draft evaporative coolers. Energy Conversion and Management, 35(11), 909–915. 
https://doi.org/10.1016/0196-8904(94)90022-1 
Lomas, K. J., Fiala, D., Cook, M. J., & Cropper, P. C. (2004). Building bioclimatic charts for non-
domestic buildings and passive downdraught evaporative cooling. Building and 
Environment, 39(6), 661–676. https://doi.org/10.1016/j.buildenv.2003.12.011 
Maerefat, M., & Haghighi, A. P. (2010). Natural cooling of stand-alone houses using solar 
chimney and evaporative cooling cavity. Renewable Energy, 35(9), 2040–2052. 
https://doi.org/10.1016/j.renene.2010.02.005 
Mangado, F. (2008). Spanish Pavilion Expo Zaragoza 2008. Retrieved from 
http://www.fmangado.com/ 
McNary, B., & Berry, C. (2012). How americans are using energy in homes today. In ACEEE 
Summer Study on Energy Efficiency in Buildings (pp. 204–215). Retrieved from 
http://aceee.org/files/proceedings/2012/data/papers/0193-000024.pdf 
McNeil, M. A., & Letschert, V. E. (2007). Future air conditioning energy consumption in 
developing countries and what can be done about it: the potential of efficiency in the 
residential sector. In ECEEE Summer Study Proceedings: Saving Energy – Just do it! (pp. 
1311–1322). Retrieved from 
http://www.eceee.org/library/conference_proceedings/eceee_Summer_Studies/2007/Panel_
6/6.306/paper 
Mead, D., Baptista, B., & Corney, A. (2013). Net zero energy through passive downdraft 
ventilation: the design & operation of the Conrad N. Hilton Foundation. In BESS-SB13 
CALIFORNIA: Advancing Towards Net Zero (pp. 217–223). Pomona, California, U.S.A. 
Retrieved from http://www.irbnet.de/daten/iconda/CIB_DC26225.pdf 
Musa, M. (2008). Novel evaporative cooling systems for building applications. The University of 
Nottingham. 
NASA. (2016). Global Climate Change: Vital Signs of the Planet. Retrieved June 17, 2016, from 
http://climate.nasa.gov/ 
Okkels, R. (2007). Post-occupancy evaluation of educational building with downdraught cooling. 
PQDT - Global. University College of London. Retrieved from 
http://login.ezproxy1.lib.asu.edu/login?url=http://search.proquest.com/docview/1430595388
?accountid=4485 
Onset Computer Corporation. (2007). Temperature/RH Smart Sensor. Retrieved October 10, 
2017, from http://www.onsetcomp.com/products/sensors/s-thb-m008 
 165 
 
Parsons, K. C. (Kenneth C. . (2003). Human thermal environments : the effects of hot, moderate, 
and cold environments on human health, comfort, and performance (2nd ed.). London ; New 
York: Taylor & Francis. 
Pde, G. (2004). Creating a computerized tool to predict the efficiency of a down draft cooling 
tower. Arizona State University. Retrieved from http://library.lib.asu.edu/record=b4771422 
Pearlmutter, D., Erell, E., & Etzion, Y. (2008). A multi-stage down-draft evaporative cool tower for 
semi-enclosed spaces: Experiments with a water spraying system. Solar Energy, 82(5), 
430–440. https://doi.org/10.1016/j.solener.2007.12.003 
Pearlmutter, D., Erell, E., Etzion, Y., Meir, I. A., & Di, H. (1996). Refining the use of evaporation in 
an experimental down-draft cool tower. Energy and Buildings, 23(3), 191–197. 
https://doi.org/10.1016/0378-7788(95)00944-2 
Pecornik, D., & Krutzler, F. (2004). Aerodynamic analysis of down-draft evaporative cool tower 
prototype. 
Quattrocchi Kwok Architects. (2006). Kenilworth Junior High School. Retrieved September 24, 
2017, from http://www.qka.com/projects/kenilworth-junior-high-school 
Robbins, S. (2003). Keeping things cool: air-conditioning in the modern world. OAH Magazine of 
History, 42–46. Retrieved from 
http://maghis.oxfordjournals.org.ezproxy1.lib.asu.edu/content/18/1/42.full.pdf 
Robins, J. S. (2014). Phoenix Rising. High Performing Buildings, 6–15. Retrieved from 
http://www.hpbmagazine.org/attachments/article/11816/14Sp-DPR-Construction-Phoenix-
Regional-Office-Phoenix-AZ.pdf 
Robinson, D., Lomas, K. J., Cook, M. J., & Eppel, H. (2004). Passive down-draught evaporative 
cooling: thermal modelling of an office building. Indoor and Built Environment, 13(3), 205–
221. https://doi.org/10.1177/1420326X04043816 
Salmeron, J. M., Sánchez, F. J., Sánchez, J., Álvarez, S., Molina, J. L., & Salmeron, R. (2012). 
Climatic applicability of downdraught cooling in Europe. Architectural Science Review, 
55(4), 259–272. https://doi.org/10.1080/00038628.2012.723393 
Santamouris, M. (2007). Advances in passive cooling. Earthscan. Retrieved from 
http://app.knovel.com/hotlink/toc/id:kpAPC00002/advances-in-passive-cooling 
Santamouris, M., & Kolokotsa, D. (2013). Passive cooling dissipation techniques for buildings and 
other structures: The state of the art. Energy and Buildings, 57, 74–94. 
https://doi.org/10.1016/j.enbuild.2012.11.002 
Schiano-Phan, R. (2003). Passive downdraught cooling systems using porous ceramic 
evaporators. 
Schiano-Phan, R. (2010). Environmental retrofit: building integrated passive cooling in housing. 
Arq: Architectural Research Quarterly, 14(2), 139–151. 
https://doi.org/10.1017/S1359135510000758 
Schiano-Phan, R. (2012). Post-occupancy evaluation of non-domestic buildings using passive 
downdraught evaporative cooling in south-west USA. Architectural Science Review, 55(4), 
320–340. https://doi.org/10.1080/00038628.2012.725535 
Shamari, A. (2016). Al-Rahmania Mosque. Retrieved from 
https://twitter.com/EngAlishamari/status/739593399540539392 
 166 
 
Shirazi, S. (2014). Application of wind catcher in cooling process of data centers. ProQuest 
Dissertations and Theses. University of Idaho, Ann Arbor. Retrieved from 
http://login.ezproxy1.lib.asu.edu/login?url=http://search.proquest.com/docview/1552997616
?accountid=4485 
Sivak, M. (2009). Potential energy demand for cooling in the 50 largest metropolitan areas of the 
world: Implications for developing countries. Energy Policy, 37(4), 1382–1384. 
https://doi.org/10.1016/j.enpol.2008.11.031 
Tembhekar, C. (2009). ACs eat up 40% of city’s total power consumption. Retrieved September 
6, 2015, from http://timesofindia.indiatimes.com/city/mumbai/ACs-eat-up-40-of-citys-total-
power-consumption/articleshow/5368121.cms 
Thomas, L., & Baird, G. (2006). Post-occupancy evaluation of passive downdraft evaporative 
cooling and air-conditioned buildings at Torrent Research Centre, Ahmedabad, India. In 
Proceedings of the 40th Annual Conference of the Architectural Science Association 
ANZAScA (pp. 97–104). Retrieved from 
http://archidev.org/IMG/pdf/Post_Occupancy_Evaluation_of_TRC-
_Paper_by_Thomas_Baird-2.pdf 
Torcellini, P. A., Long, N., & Judkoff, R. D. (2004). Consumptive Water Use for U.S. Power 
Production. ASHRAE Transactions, 110, 96–100. 
Torcellini, P., Long, N., Pless, S. D., & Judkoff, R. (Eds.). (2005). Evaluation of the low-energy 
design and energy performance of the Zion National Park visitor center. 
Torcellini, P., Pless, S. D., Long, N., & Judkoff, R. (Eds.). (2004). Zion National Park visitor 
center: performance of a low-energy building in a hot, dry climate. 
U.S. Census Bureau. (2011). 2010 Census Demographic Profiles. Retrieved June 27, 2016, from 
https://www.census.gov/newsroom/releases/archives/2010_census/cb11-cn137.html 
U.S. Department of Energy. (2011a). 1.1: Buildings Sector Energy Consumption. Retrieved 
October 4, 2015, from 
http://web.archive.org/web/20130215070337/http://buildingsdatabook.eren.doe.gov/ChapterI
ntro1.aspx?1#1 
U.S. Department of Energy. (2011b). 1.4: Environmental Data. Retrieved October 4, 2015, from 
http://web.archive.org/web/20130215070337/http://buildingsdatabook.eren.doe.gov/ChapterI
ntro1.aspx?1#1 
U.S. Department of Energy. (2015). Central Air Conditioner Standards Brochure. Retrieved from 
https://www.energy.gov/sites/prod/files/2015/11/f27/CAC Brochure.pdf 
U.S. Energy Information Administration. (2009). Household energy use in Arizona. Retrieved 
June 21, 2015, from 
http://www.eia.gov/consumption/residential/reports/2009/state_briefs/pdf/az.pdf 
U.S. Energy Information Administration. (2011). Air conditioning in nearly 100 million U.S. homes. 
Retrieved September 28, 2015, from 
http://www.eia.gov/consumption/residential/reports/2009/air-conditioning.cfm 
U.S. Energy Information Administration. (2016). International Energy Outlook 2016 With 
Projections to 2040. Retrieved from http://www.eia.gov/forecasts/ieo/pdf/0484(2016).pdf 
 167 
 
U.S. Environmental Protection Agency. (2016). Climate Change: Basic Information. Retrieved 
June 17, 2016, from https://19january2017snapshot.epa.gov/climatechange/climate-change-
basic-information_.html 
Watson, D. (1979). Energy conservation through building design. New York: McGraw-Hill. 
Watt, J. R., & Brown, W. K. (1997). Evaporative air conditioning handbook. Lilburn, GA; Upper 
Saddle River, NJ: Fairmont Press. 
Webster-mannison, M. (2003). Cooling rural Australia: passive downdraught evaporative cooling. 
The Official Journal of the Australian Institute of Refrigeration, Air Conditioning and Heating, 
2(1), 22–26. 
Woolley, E. (2002). Interactive Learning. Retrieved September 27, 2015, from 
http://architectureau.com/articles/interactive-learning/ 
Xuan, H., & Ford, B. (2012). Climatic applicability of downdraught cooling in China. Architectural 
Science Review, 55(4), 273–286. https://doi.org/10.1080/00038628.2012.717687 
ZGF Architects. (2013). Conrad N. Hilton Foundation Design Book. Retrieved June 6, 2015, from 
https://www.zgf.com/project/conrad-n-hilton-foundation-headquarters-phase-1/ 
 
 
  
 168 
 
APPENDIX A  
DAILY GRAPHS FROM DATA COLLECTION 
  
 169 
 
 
 
 
 
 
 
 
 
 
 
 
 
A.1: Conditions Inside Towers and at Towers Outlets During Operation on June 18, 2017 
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A.2: Conditions Inside Towers and at Towers Outlets During Operation on June 21, 2017 
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A.3: Conditions Inside Towers and at Towers Outlets During Operation on June 8, 2017 
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A.4: Conditions Inside Towers and at Towers Outlets During Operation on June 11, 2017 
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A.5: Conditions Inside Towers and at Towers Outlets During Operation on June 17, 2017 
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A.6: Conditions Inside Towers and at Towers Outlets During Operation on June 30, 2017 
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A.7: Conditions Inside Towers and at Towers Outlets During Operation on July 05, 2017 
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A.8: Conditions Inside Towers and at Towers Outlets During Operation on July 1, 2017 
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A.9: Conditions Inside Towers and at Towers Outlets During Operation on July 4, 2017 
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A.10: Conditions Inside Towers and at Towers Outlets During Operation on July 3, 2017 
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A.11: Conditions Inside Towers and at Towers Outlets During Operation on June 14, 2017 
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A.12: Conditions Inside Towers and at Towers Outlets During Operation on June 15, 2017 
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A.13: Conditions Inside Towers and at Towers Outlets During Operation on June 9, 2017 
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A.14: Conditions Inside Towers and at Towers Outlets During Operation on June 10, 2017 
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A.15: Conditions Inside Towers and at Towers Outlets During Operation on June 19, 2017 
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A.16: Conditions Inside Towers and at Towers Outlets During Operation on June 22, 2017 
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A.17: Conditions Inside Towers and at Towers Outlets During Operation on June 27, 2017 
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A.18: Conditions Inside Towers and at Towers Outlets During Operation on June 23, 2017 
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A.19: Conditions Inside Towers and at Towers Outlets During Operation on June 26, 2017 
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A.20: Conditions Inside Towers and at Towers Outlets During Operation on June 25, 2017 
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A.21: Conditions Inside Towers and at Towers Outlets on June 29, 2017 
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A.22: Conditions Inside PDECT and at Tower Outlet During Operation on July 14 to 15 
 
 
 
 
A.23: Conditions Inside PDECT and at Tower Outlet During Operation on July 13 to 14 
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APPENDIX B  
PHOTOS OF EXPERIMENT SETUP 
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B.1: Towers Structural Insulated Base During Construction 
 
 
 
B.2: Towers Shaft and Outlet Structural Frame 
During Construction 
 
 
B.3: Towers Shaft and Outlet Structural 
Frame after Assembly 
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B.4: Single Stage Tower Inlet 
 
 
B.5: Single Stage Tower Inlet Installed on 
Top of the Shaft 
 
 
 
B.6: Hybrid Tower Inlet with Heat Exchanger in Place During Construction 
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B.7: Hybrid Tower Inlet with Shading Element Installed 
 
 
 
B.8: Single Stage Tower with Insulation 
Enclosure Installed 
 
 
B.9: Hybrid Tower Inlet Installed on Top of the 
Shaft 
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B.10: Hybrid Tower Heat Exchanger with Water Connection 
 
 
 
B.11: View Towards Towers from the South 
 
 
 
 
 
 
 
 196 
 
 
 
B. 12: Chilled Water Connection at the Top of the Hybrid Tower 
 
 
 
B.13: View Towards Hybrid Tower Inlet from 
Inside the Tower 
 
 
B.14: View Towards Single Stage Tower Inlet 
from Inside the Tower 
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B. 15: Wire Rope Connection Detail at Top of the Towers 
 
 
 
B.16: View Towards Tarp Enclosure Surrounding the Towers 
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B.17: View from Southeast Corner Showing Box That Hosts Data Logger 
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APPENDIX C  
CATALOG CUTS FOR TOWERS DATA ACQUISATION SYSTEM 
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C.1: HOBO H22 Energy Data Logger Information, Page 01 
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C.2: HOBO H22 Energy Data Logger Information, Page 02 
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C.3: FlexSmart Analog Module Information 
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C.4: Air Velocity Analog Sensor Connection to Data Logger 
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C.5: Air Velocity Analog Sensor Information, Page 01 
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C.6: Air Velocity Analog Sensor Information, Page 02 
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C.7: Temperature/RH Smart Sensor Information 
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C.8: Temperature Smart Sensor Information 
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C.9: Pulse Output Water Flowmeter Information 
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C.10: Mechanical Closure Pulse Input Adaptor Information 
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C.11: Acrylic Rotameter Information 
